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FOREWORD
The IAEA has been active in the promotion of non-destructive testing (NDT) technology for
many decades. The prime reason for this interest has been the need for stringent standards for
quality control for safe operation of nuclear and other industrial installations. The IAEA has
successfully carried out a number of programmes, including technical cooperation projects
(national and regional) and coordinated research projects having NDT was an important part.
Through these programmes, many people in IAEA Member States have received training,
leading to the establishment of national certifying bodies responsible for training and
certification of NDT personnel. Consequently, many Member States have achieved selfsufficiency in this area.
There has long been a realization that well established training guidelines and related books are
needed to guide the IAEA experts involved in this training programme and to achieve a level
of international uniformity and harmonization of training materials and consequently
competence of NDT personnel. The IAEA has issued numerous syllabi for these training
courses, beginning in 1987 with the publication of IAEA-TECDOC-407, Training Guidelines
in Non-destructive Testing Techniques, containing syllabi for five basic methods (i.e. liquid
penetrant testing, magnetic particle testing, eddy current testing, radiographic testing, ultrasonic
testing). To accommodate advancements in NDT technology, updated versions of this
publication were issued in 1991, 2002 and 2008. The current version, IAEA-TECDOC628/Rev.3 (2013), includes information on additional and more advanced NDT methods.
The next logical step was to compile textbooks and training manuals in accordance with these
syllabi. Manuals on visual, liquid penetrant, magnetic particle, leak and eddy current testing
have already been published in the IAEA’s Training Course Series. These play a vital role in
the training and certification of NDT personnel in Member States. Compilation of the present
book on ultrasonic testing is a continuation of that effort.
The IAEA wishes to express its appreciation to S. Ahmed (Pakistan) for his many
contributions to the current publication. The IAEA officer responsible for this publication
was P. Brisset of the Division of Physical and Chemical Sciences.

EDITORIAL NOTE
This publication has been prepared from the original material as submitted by the contributors and has not been edited by the editorial
staff of the IAEA.
The contributors are responsible for having obtained the necessary permission for the IAEA to reproduce, translate or use material
from sources already protected by copyrights. Any errors identified following publication will be rectified as soon as possible.
The views expressed remain the responsibility of the contributors and do not necessarily reflect those of the IAEA or the governments
of its Member States. Neither the IAEA nor its Member States assume any responsibility for consequences which may arise from the
use of this publication. This publication does not address questions of responsibility, legal or otherwise, for acts or omissions on the
part of any person.
The use of particular designations of countries or territories does not imply any judgement by the publisher, the IAEA, as to the legal
status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as registered) does not imply any intention to
infringe proprietary rights, nor should it be construed as an endorsement or recommendation on the part of the IAEA.
The IAEA has no responsibility for the persistence or accuracy of URLs for external or third party Internet web sites referred to in this
publication and does not guarantee that any content on such web sites is, or will remain, accurate or appropriate.
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1. CHAPTER 1.

GENERAL KNOWLEDGE

1.1.BASIC PRINCIPLES OF NON-DESTRUCTIVE TESTING (NDT)
1.1.1.

Definition and methodology of applications of basic NDT methods

NDT plays an important role in the quality control of a product. It is used during all the stages
of manufacturing of a product. It is used to monitor the quality of the:
(a) Raw materials that are used in the construction of the product.
(b) Fabrication processes that are used to manufacture the product.
(c) Finished product before it is put into service.
Use of NDT during all stages of manufacturing results in the following benefits:
(a) It increases the safety and reliability of the product during operation.
(b) It decreases the cost of the product by reducing scrap and conserving materials, labour
and energy.
(c) It enhances the reputation of the manufacturer as producer of quality goods.
(d) It enables design of new products.
All of the above factors bring profitability to the manufacturer. NDT is also used widely for
routine or periodic assessment of quality of the plants and structures during service life. This
increases the safety of operation and eliminates any forced shut down of the plants.
1.1.2.

NDT methods

For the purposes of these notes, NDT methods may be divided into conventional and nonconventional. To the first group belong commonly used methods like visual or optical
inspection, liquid penetrant testing, magnetic particle testing, eddy current testing, radiographic
testing and ultrasonic testing. The second group includes those NDT methods used only for
specialized applications like neutron radiography, acoustic emission, infrared testing,
microwave techniques, leak testing, holography etc. It must also be noted that none of these
methods provide solutions to all possible problems, i.e. they are not optional alternatives but
rather complementary to each other. The basic principles, typical applications, advantages and
limitations of the conventional methods will now be briefly described.
1.1.2.1.

Visual testing (VT)

Often overlooked in listings of NDT methods, visual inspection is one of the most common and
powerful means of non-destructive testing. Visual testing requires adequate illumination of the
test surface and proper eyesight of the tester. To be most effective visual testing requires
training (knowledge of product and process, anticipated service conditions, acceptance criteria,
record keeping, for example). It is also a fact that all defects found by other NDT methods
ultimately must be substantiated by visual testing. Visual testing can be classified as direct
visual testing, remote visual testing and translucent visual testing. Often the equipment needed
is simple. Fig. 1.1. shows a portable light, a mirror on stem, a 2X or 4X hand lens, one
illuminated magnifier with magnification 5X or 10X. For internal inspection, light lens systems
such as borescopes allow remote surfaces to be examined. More sophisticated devices of this

1

nature using fibre optics permit the introduction of the device into very small access holes and
channels. Most of these systems provide for the attachment of a camera to permit permanent
recording.The applications of visual testing include:
(a) Checking of the surface condition of the component.
(b) Checking of alignment of mating surfaces.
(c) Checking of shape of the component.
(d) Checking for evidence of leaking.
(e) Checking for internal side defects.

FIG. 1.1. Various optical aids used in visual inspection. (a) Mirror on stem (b) Hand magnifying glass (c) Illuminated magnifier
(d) Inspection glass (e) Borescope.

Some of the advantages of visual testing are as follows:
(a) Testing is simple
(b) Testing speed is high
(c) Testing is possible while test object is being used
(d) Permanent records are available when latest equipment are used
Some of the limitations of visual testing are as follows:
(a) Can detect only surface flaws
(b) Eye resolution is weak
(c) Eye fatigue
1.1.2.2.

Liquid penetrant testing (PT)

This is a method that can be employed for the detection of surface-breaking defects in any
industrial product made from a non-porous material. The PT method is widely used for testing
of non-magnetic materials. In this method, a liquid penetrant is applied to the surface of the
product for a certain predetermined time, after which the excess penetrant is removed from the
surface. The surface is then dried and a developer is applied to it. The penetrant which remains
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in the defect is absorbed by the developer to indicate the presence as well as the location, size
and nature of the defect. The process is illustrated in Fig. 1.2.
Penetrants used are either visible dye or fluorescent dye. The inspection for the presence of
visible dye indications is made under white light while inspection of presence of indications by
fluorescent dye penetrant is made under ultraviolet (or black) light under darkened conditions.
Liquid penetrant processes are further sub-divided according to the method of washing of the
component. Penetrants can be: (i) water-washable, (ii) post-emulsifiable, i.e. an emulsifier is
added to the excess penetrant on surface of the component to make it water-washable, and (iii)
solvent removable, i.e. the excess.
In order of decreasing sensitivity and decreasing cost, the liquid penetrant processes can be
listed as:
(a) Post emulsifiable fluorescent dye penetrant;
(b) Solvent removable fluorescent dye penetrant;
(c) Water washable fluorescent dye penetrant;
(d) Post emulsifiable visible dye penetrant;
(e) Solvent removable visible dye penetrant;
(f) Water washable visible dye penetrant.
The advantages of liquid penetrant testing are as follows:
(a) Relatively low cost;
(b) Highly portable NDT method;
(c) Highly sensitive to fine, tight discontinuities;
(d) Applicable to a variety of materials;
(e) Large area inspection.
The limitations of liquid penetrant testing are as follows:
(a) Test surface must be free of all dirt, oil, grease, paint, rust, etc.;
(b) Detects surface discontinuities only;
(c) Cannot be used on porous and very rough surfaces;
(d) Removal of all penetrant materials, following the test, is often required;
(e) There is no easy method to produce permanent record.
1.1.2.3.

Magnetic particle testing (MT)

Magnetic particle testing is used for the testing of materials which can be easily magnetized.
This method is capable of detecting open to surface and just below the surface flaws. In this
method the test specimen is first magnetized either by using a permanent or an electromagnet
or by passing electric current through or around the specimen. The magnetic field thus
introduced into the specimen is composed of magnetic lines of force. Whenever there is a flaw
which interrupts the flow of magnetic lines of force, some of these lines must exit and re-enter
the specimen. These points of exit and re-entry form opposite magnetic poles. Each time minute
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magnetic particles are sprinkled onto the surface of such a specimen, these particles are attracted
by these magnetic poles to create a visual indication approximating the size and shape of the
flaw. Fig. 1.3 illustrates the basic principles of this method.

FIG. 1.2. Different stages of liquid penetrant process.
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FIG. 1.3. Basic principle of magnetic particle

Depending on the application, different magnetization techniques are used in magnetic particle
testing which can be grouped into the following two categories:
Advantages of magnetic particle testing include the following:
(a) It does not a need very stringent pre-cleaning operation;
(b) Best method for the detection of fine, shallow surface cracks in ferromagnetic
material;
(c) Will work through thin coating;
(d) Inspection of complex geometries;
(e) Portable NDT method.
The limitations of magnetic particle testing include the following:
(a) Applicable only to ferromagnetic materials;
(b) Orientation and strength of magnetic field is critical. There is a need to magnetise
twice: longitudinally and circumferentially;
(c) Large currents sometimes required and burning of test parts is a possibility;
(d) After testing the object must be demagnetized, which may be difficult sometimes.
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1.1.2.4.

Eddy current testing (ET)

This method is widely used to detect surface defects, to sort materials, to measure thin walls
from one surface only, to measure thin coatings and in some applications to measure case
hardening depth. This method is applicable to electrically conductive materials only. In the
method, eddy currents are induced in the object by bringing it close to an alternating current
carrying coil. The alternating magnetic field of the coil is modified by the magnetic fields of
the eddy currents. This modification, which depends on the condition of the object near to the
coil, is then shown as a meter reading or cathode ray oscilloscope presentation. Fig. 1.5 shows
generation and distortion of eddy current.
There are three types of probes (Fig. 1.6) used in eddy current testing. Internal probes are
usually used for the in-service testing of heat exchanger tubes. Encircling probes are commonly
used for the testing of rods and tubes during manufacturing. The uses of surface probes include
the location of cracks in plates, sorting of materials, measurement of wall and coating thickness,
and case depth measurement.

FIG. 1.5. (a) Generation of eddy currents in the test specimen, (b) Distortion of eddy currents due to flaw.

ET method may be used for:
(a) For the detection of defects in tubings.
(b) For sorting materials.
(c) For measurement of thin wall thickness from one surface only.
(d) For measuring thin coatings.
(e) For measuring case depth.
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The advantages of eddy current testing include that it:
(a) Does not require couplant;
(b) Gives instantaneous response;
(c) Is extremely sensitive to surface cracks;
(d) Allows use of high scanning speeds (as high as 10 m/s);
(e) Accurate for sizing defects and coating thickness measurement.

FIG. 1.6. Types of probes used in eddy current testing, (a) Internal Coil, (b) Encircling Coil, (c) Surface Probe.

The limitations of eddy current testing include the following:
(a) Extremely sensitive to surface variations and therefore requires a good surface;
(b) It is applicable to electrically conducting materials only;
(c) Not reliable on carbon steel for the detection of subsurface flaws;
(d) Its depth of penetration is limited to 8 mm.
1.1.2.5.

Radiographic testing method (RT)

The RT method is used for the detection of internal flaws in many different materials and
configurations. An appropriate radiographic film is placed behind the test specimen (Fig. 1.7)
and is exposed by passing either X rays or gamma rays (Co-60 and Ir-192 radioisotopes)
through it. The intensity of the X rays or gamma rays while passing through the product is
modified according to the internal structure of the specimen and thus the exposed film, after
processing, reveals the shadow picture, known as a radiograph, of the product. It is then
interpreted to obtain data about the flaws present in the specimen. This method is used on wide
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variety of products such as forgings, castings and weldments. The advantages of radiographic
testing include:
(a) It is useful on wide variety of materials;
(b) It can be used for checking internal malstructure, misassembly or misalignment;
(c) It provides permanent record;
(d) Devices for checking the quality of radiograph are available. Some of the limitations
of this method are:

FIG. 1.7. Arrangement for radiographic testing.

(a) Access to both sides of the object is required;
(b) It cannot detect planar defects readily;
(c) The thickness range that can be inspected is limited;
(d) Sensitivity of inspection decreases with thickness of the test object;
(e) Considerable skill is required for interpretation of the radiographs;
(f) The depth of defect is not indicated readily;
(g) X rays and gamma rays are hazardous to human health. The IAEA's radiation safety
series are referred for personal safety and radiation protection.
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1.1.2.6.

Ultrasonic testing (UT)

Ultrasonic inspection is a non-destructive method by which high frequency sound waves are
introduced into the object being inspected. Most ultrasonic inspection is done at frequencies
between 0.5 and 20 MHz. The sound waves travel through the material with some loss of energy
(attenuation) due to material characteristics. The intensity of sound waves is either measured,
after reflection (pulse echo) at interfaces (or flaw) or is measured at the opposite surface of the
specimen (pulse transmission). The reflected beam is detected and analyzed to define the
presence and location of flaws. The degree of reflection depends largely on the physical state
of matter on the opposite side of the interface. Partial reflection occurs at metal-liquid or metalsolid interfaces. Ultrasonic testing has a higher penetrating power than radiography and can
detect flaws deep in the test object (up to about 7 metres of steel). It is quite sensitive to small
flaws and allows the precise determination of the location and size of the flaws. The basic
principle of ultrasonic testing is illustrated in Fig. 1.8.
The ultrasonic testing methods are:
(a) Used for detection of flaws in materials and for thickness measurement;
(b) Used for the determination of mechanical properties and grain structure of materials.
Some of the advantages of ultrasonic testing are that:
(a) It has high sensitivity which permits detection of minute defects;
(b) It has high penetrating power which allows examination of extremely thick sections;
(c) It has a high accuracy of measurement of flaw position and size;
(d) It has fast response that enables rapid and automatic inspection;
(e) It needs access to only one surface of the specimen.
Some of the limitations of this method are:
(a) Unfavourable geometry of the test object causes problems during inspection;
(b) Inspection of materials having coarse grain microstructure is difficult;
(c) It requires the use of a couplant;
(d) Defect orientation affects defect detectability;
(e) Reference standards and calibration are required;
(f) Rough surfaces can be a problem and surface preparation is necessary.
Some of the advantages of ultrasonic testing are:
(a) It has high sensitivity which permits detection of minute defects;
(b) It has high penetrating power (of the order of 6 to 7 metres in steel) which allows
examination of extremely thick sections;
(c) It has a high accuracy of measurement of flaw position and size;
(d) It has fast response which permits rapid and automatic inspection;
(e) It needs access to only one surface of the specimen.
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FIG. 1.8. Basic components of an ultrasonic flaw detection system, (a) Pulse echo method, (b) Through transmission method.

1.1.2.7.

Comparison of different NDT methods

It is frequently necessary to use one method of NDT to confirm the findings of another.
Therefore, various methods must be considered to be complementary rather than in competition
with each other. Each method has its particular advantages and limitations and these must be
taken into account when any testing programme is planned. Table 1.1 gives a summary of the
most frequently used NDT methods.
1.1.3.

New developments in NDT

Modern developments in all areas of technology especially aerospace, mass transit systems such
as railways, petrochemicals, oil and gas explorations and processing, entertainment, biomaterials, industrial and conventional and nuclear power plants, nano-materials, microelectronic components, composites and multi-layered structures etc. which are dependent on
using materials which are stronger, lighter, have other exotic properties and use minimum
possible raw materials. All this is aimed at increasing the efficiency, durability and reliability
of machines containing components made from such materials. There are stringent
requirements of dealing with these exotic new materials and for detecting and characterising
the extremely small sizes of flaws. Consequently there is a great challenge to improve upon the
existing techniques for non-destructivenon-destructive testing and develop new ones where
required.
NDT has continued to play a vital role for quality control of industrial products in the highly
aggressive and competitive world markets. It may not be totally out of place to say that the
relative share of a particular country in the world market depends more and more on its
investment in quality control and quality assurance, which in real terms and in most cases means
an investment in NDT.
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TABLE 1.I. COMPARISON OF VARIOUS NDT METHODS. A: HIGHEST COST, D: LOWEST COST

Technique

Access
requirements

Equipment
cost

Inspection
cost

Remarks

Optical
methods

Can be used to
view the interior of
complex
equipment. One
point of access
may be enough.
Must be able to
reach both sides.

B/D

D

Very versatile; Little skill
required.

A

B/C

Ultrasonics

One or both sides
(or ends) must be
accessible.

B

B/C

Magnetic
particle

Requires a clean
and reasonably
smooth surface.

C

C/D

Penetrant flaw
detection

Requires flaw to
be accessible to the
penetrant (i.e.
clean and at the
surface).
Surface must
(usually) be
reasonably smooth
and clean

D

C/D

Despite high cost, large area
can be inspected at one time.
Considerable skill required in
interpretation.
Requires point-by-point search
hence extensive work needed
on large structures; Skilled
personnel required.
Only useful on magnetic
materials such as steel; Little
skill required; Only detects
surface breaking or near surface
cracks.
For all materials; Some skill
required; Only detects surfacebreaking defects; Rather messy.

B/C

C/D

Radiography

Eddy current

For electrically conductive
materials only; For surface
breaking flaws; Variations in
thickness of coatings, or
comparison of materials; For
other than simple comparison
considerable skill is usually
required.

NDT equipment has been made more reliable and sensitive with a trend to make it as
independent of operator errors as possible. This has seen a greater use of computers and
automation. We see most of the modern NDT with microprocessors and computers with
enhanced capabilities for image processing, data acquisition and analysis. There is a growing
trend towards using multiple transducers and multi-channel systems both for ultrasonic and
eddy current testing. Similarly the concept of simultaneously using multiple methods of
inspection is increasing, for example for the inspection of reactor pressure vessels. On-line and
continuous monitoring of plant and equipment inspection is now commonly applied. To cope
with the increased use of composite materials high sensitivity test methods such as micro-focus
radiography and high frequency ultrasonic testing are now well established.
NDT has been increasingly applied in process control as a means to fulfilling the requirement
of a good quality assurance concept of making the products right the first time. Such a shift
towards use of NDT for process control has simultaneously demanded development in several
related fields such newer and faster NDT techniques, computers and data handling which make
it easier to analyze NDT data rapidly and use it in a feedback loop to modify, control and
optimize the process. Thus we see development of large installations employing automated
radiography, tomography, ultrasonic testing, eddy current testing, optical-visual testing and
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infra-red testing. But, increasing the degree of automation also increases the consequences of
error. Therefore, a high degree of automation requires a high degree of (automated) monitoring
and control. Consequently, a steady need for automated NDT is observed in industry. Process
integrated NDT has to fulfil the requirements of today's industrial production concerning
integrate-ability, automation, speed, reliability and profitability.
A confluence of developments in the fields of electronics, computer technology, simulation
tools and signal processing is contributing to the excitement and fuelling some of the most
compelling advances. Technology is indeed breathing new life into the field and there is much
to look forward to in this important scientific endeavour. Some recent developments in the
individual areas of NDT are briefly reviewed below:
1.1.3.1.

Radiographic testing (RT)

Radiographic testing has seen rapid development of digital methods. Starting with laser-based
digitization of conventional film radiographs, the technology has moved fast to the development
of imaging plates (IP) and digital detector arrays (DDA) also called flat panel detectors using
semiconductors such as Europium-doped BaFBr and CMSO or amorphous Si and a-Se or CdTe.
These have the capability of directly converting the X or gamma rays into electrical signals
which can be fed to the computer for further processing and formation of images. The images
can also be erased and the detectors re-used, for example, for close to 1000 times. The
conventional fluoroscopic methods have moved into the digital domain through the use of high
quality image intensifiers the images from which can be directly photographed using the charge
coupled device (CCD) cameras which convert visual signals to electrical signals which can be
processed by a computer. This offers a distinct possibility of producing low cost digital
radiographic systems as against more expensive systems. Computed tomography (CT) having
the capability of producing three-dimensional images of internal structures of specimens is now
in use. The high resolution digital micro-radiography is in the market. These use X ray machines
with micron level focal spots. Corresponding to characteristics of conventional radiographic
images similar characteristics have been defined for the digital images. The equivalent of
optical film density is Signal to Noise Ratio (SNR), that of film contrast is Contrast to Noise
Ratio (CNR), that of film resolution and granularity is Basic Spatial Resolution (SRb) and that
of dynamic range is Specific Material Thickness Range (SMTR). Standards such as ASTM
E2597 have been developed to study the characteristics of digital radiographic systems.
Digital radiography offers numerous benefits over conventional radiography including:
(a) Radiation dosage and exposures are reduced resulting in less risk to the operator;
(b) Reduces radiographic inspection time, cost and improves productivity;
(c) Eliminates chemicals, chemicals disposal and chemical storage costs;
(d) Allows radiographic data to be archived and analyzed using image processing
algorithms;
(e) Storage costs are minimized and images can also be accessed and interpreted
remotely. Significant cost savings due to use of DIR systems have been reported from
industry.

1.1.3.2.
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Ultrasonic testing (UT)

Automated and remote control systems of ultrasonic examination have seen rapid development
and are now used in wide range of industries in many different applications. Such systems
comprise of handling and guiding of test objects, mechanical and remote operation of probe or
probes, automatic supply of couplant, automatic gain control, automatic distance amplitude
correction, self-checking or monitoring system, UT data processing system, application of Bscan, C-scan , P-Scan etc. and feedback and corrective actions. Such automated systems reduce
the operational variables and personal errors, the data obtained is more accurate and reliable,
can be applied in difficult and hostile environments (such as reactor pressure vessels in nuclear
power plants) and can be very fast, saving working time and manpower costs. The analysis and
evaluation of results can be done through computerized systems thereby increasing the
efficiency and reliability of data processing.
We have seen an increased use of time of flight diffraction (TOFD) technique for flaw
characterization. It depends on the principle that when ultrasound is incident at linear
discontinuity such as a crack, diffraction takes place at its extremities in addition to the normal
reflected wave. This diffracted energy is emitted over a wide angular range and is assumed to
originate at the extremities of the flaw. This is quite helpful in sizing such flaws. A more
accurate technique for flaw sizing may, however, be based on signal processing based on a
semi-empirical approach of Weiner filtering with autoregressive spectral extrapolation using
ultrasonic B- and S-scans.
Another area which has seen many applications is the phased array technique, which is a process
wherein UT data is generated by constructive phasal interference formed by multiple elements
controlled by accurate time delayed pulses. The arrays can perform beam sweeping through an
angular range (S-scans), beam scanning at fixed angle (E-scans), beam focusing, lateral
scanning and a variety of other scans depending on the array design and programming. Each
element consists of an individually wired transducer, with appropriate pulsers, multiplexers,
A/D converters, and the elements are acoustically isolated from each other. The phased array
system is computer-controlled, with software typically user-friendly such that the operator can
simply programme in the required inspection parameters. Usually, a wedge is used to optimise
inspection angles and minimise wear. Phased arrays are particularly useful for regions with
limited access, rapid inspection of components such as welds, inspection of test objects of
complex shapes such as the turbine blades, imaging and storing data, and sizing cracks by tip
diffraction.
While the majority of ultrasonic tests are performed with liquid couplants or immersion in water
there is an increasing need for tests without conventional coupling, especially in situations
where liquid may damage the test material, when cost of couplant removal is excessive or when
high scanning speeds are to be achieved. Such air coupled transducers have been developed in
many categories such as bimorphic, electrostatic, piezoelectric and ceramic types each for
specialized applications.
Acoustic microscopy is the high resolution, high frequency ultrasonic testing techniques that
produces the images of features beneath the surface of a test object. Acoustic microscopes
operate up to and beyond 1 GHz frequencies have been developed. Because of such high
frequencies it is possible to obtain very high resolution and therefore study of internal structure
and defects in materials at micron levels.
1.1.3.3.

Acoustic emission (AE)
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Acoustic emission is another technique finding increased applications. It is commonly defined
as generation of transient elastic waves within a material caused by the release of localized
stress energy which can be caused by sources not involving material failure including friction,
active corrosion, leakage, cavitation and impact. Additionally, events can also come quite
rapidly when materials begin to fail, in which case AE activity rates are studied as opposed to
individual events. AE events that are commonly studied among material failure processes
include the extension of a fatigue crack, or fiber breakage in composite materials.
AE tools have been designed for monitoring acoustic emissions produced within the material
during failure and part failure can be documented during unattended monitoring. The
monitoring of the level of AE activity during multiple load cycles forms the basis for many AE
safety inspection methods that allow the parts undergoing inspection to remain in service. In
materials under active stress, such as some components of an airplane during flight, transducers
mounted in an area can detect the formation of a crack at the moment it begins propagating. A
group of transducers can be used to record signals and then locate the precise area of their origin
by measuring the time for the sound to reach different transducers. The technique is also
valuable for detecting cracks forming in pipelines transporting liquids under high pressures.
1.1.3.4.

Ultrasonic guided waves

Use of ultrasonic guided waves is a suitable method for inspection of pipes over long distance
and can be efficiently used instead of conventional ultrasonic methods which are based on point
by point inspection. It offers many advantages such as high speed inspection over long
distances, in service inspection of underwater or buried gas and oil pipelines, inspection of heat
exchanger tubes and bends and the possibility of inspecting parts and joining with complex
geometry.
1.1.3.5.

Eddy current testing (ET)

ET equipment has been developed combining high speed testing capabilities, with multichannel, multi-frequency apparatus utilizing spatial high quality filtering and multiplexing
offering excellent signal-to-noise ratios making inspections faster and easier to perform.
Equipment enabling a wide variety of tests on aircraft structures, engine components, and
wheels is available. Similarly state-of-the-art eddy current instruments and systems are
available for testing of critical mass-produced components coming from processes such as
forming, heat treating, machining and finishing, testing for cracks and other surface flaws and
material properties such as hardness, case depth, mixed structures and alloy integrity. Typically
tested components include engine, transmission and drive train components; steering, chassis
and suspension components; valve train components; gears; shafts; bearings and bearing
components; fasteners, etc. Both external and inner surfaces can be inspected and inspection
can be performed at production line speeds. Eddy current imaging using array coils, pulsed
eddy current testing and remote field eddy current testing are some of the recent advances in
this technique.
1.1.3.6.

Thermal non-destructive testing

Infrared thermography involves measurement of emissions and temperature variations on a
component. Application of IRT include predictive maintenance especially in aerospace,
condition monitoring, several aspects of night vision, inspection of electrical installations and
building envelopes, inspection of welds for defects as well components for fatigue cracks.

14

Further development of IRT has been motivated by the introduction of composites and surfaceprotected metals in aerospace, power production and some other fields of cutting-edge
technologies. IRT enables detection of defects in the above-mentioned materials and allows
rapid inspection of relatively large areas.
The Photothermal camera is an inspection instrument that can be used to replace more
conventional surface inspection techniques such as ET or PT. Photothermal testing is a
contactless NDT technique that detects infrared emission following a transient thermal
excitation of the inspection target. An infrared sensor is combined with a scanning laser
excitation source. The focused laser scanning beam almost instantly heats a line on the target
surface to be inspected. The infrared detector measures the IR emission of the surface adjacent
to the heated area as the thermal wave propagates away from the line of initiation. On-line
analysis of the image clearly shows the cracks, acting as a thermal barrier, with their
characteristic flaw footprint. The method is also relatively quick and therefore the operator
exposure to hazards of the general inspection area may be minimized. Thus the method is ideal
for situations where surface contact can be hazardous to the operators (like contaminated
nuclear components) or materials and environments that may be sensitive to chemical
exposures. Other important applications may include inspection of primary system components
for power plants (reactor, steam generators and reactor coolant pipes), high temperature
inspection surfaces (up to 250°C), and inspection of in-core components of nuclear reactors.
1.1.3.7.

NDT of concrete structures and other ceramic materials

The NDT of concrete structures including buildings, bridges, roads and pavements has received
due attention during the recent years. Building diagnosis using non-destructive test methods is
a key contributing factor to decide needed repairs. The objective of condition assessment in
existing buildings is to detect concealed damage and its extent. In new buildings non-destructive
diagnosis methods are used for quality assurance. In the field of service life determination the
current building conditions are assessed and the potential development is estimated to
effectively manage the service life of buildings.
Most of the conventional NDT methods have been adapted for use in this sector. These include
visual vesting, electrical potential method, Schmidt rebound hammer test, Windsor probe test,
electromagnetic covermeters, radiographic testing, ultrasonic testing, infrared testing, ground
penetrating radar (GPR), radioisotope thickness, density and moisture gauges. Special bridge
scanners using a combination of several non-destructive test methods which enable testing and
imaging of bridge surfaces of several square metres have been developed along with a nondestructive method for fixing the scanners to the structure. Portable equipment has been
developed for the measurement of damaging salts (e.g. chlorides and sulfates). The analysis
uses the LIBS-method (laser induced breakdown spectroscopy). The equipment represents an
alternative to conventional chemical analysis of building material samples, because the results
are directly available on site. Its use is intended both for damage assessment and quality
assurance.
1.1.3.8.

Surface methods

The photothermal camera is an inspection instrument that can be used to replace more
conventional surface inspection techniques such as ET or PT. Photothermal testing is a
contactless NDT technique that detects infrared emission following a transient thermal
excitation of the inspection target. An infrared sensor is combined with a scanning laser
excitation source. The focused laser scanning beam almost instantly heats a line on the target
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surface to be inspected. The infrared detector measures the IR emission of the surface adjacent
to the heated area as the thermal wave propagates away from the line of initiation. On-line
analysis of the image enables the cracks, acting as a thermal barrier, to be clearly shown by
their characteristic flaw footprint. No chemicals are required for the process. Photothermal
inspections generate no environmental waste in contrast to alternative surface inspection
likeliquid penetrant or magnetic particle testing. The method is also relatively quick and
therefore the operator exposure to hazards of the general inspection area may be minimized.
Thus the method is ideal for situations where surface contact can be hazardous to the operators
(like contaminated nuclear components) or materials and environments that may be sensitive to
chemical exposures. Other important applications may include inspection of primary system
components for power plants (reactor, steam generators and reactor coolant pipes), high
temperature inspection surfaces (up to 250°C), and inspection of in-core components of nuclear
reactors.
The new small and lightweight videoscopes, which are used for a wide range of remote visual
inspections of parts or structures where access is limited, offer portability, ease of use,
durability, and a host of practical features. These are ideal for applications where operator
access is limited, such as inside boiler rooms, airplane fuselages, or wind turbine gear boxes.
They can be operated safely in many difficult field environments and in dusty or sandy
conditions. Some of these offer far more than just on-site inspection. From image archiving to
defect measurement and image management on a PC, post-inspection tasks are made easier.
They feature high-quality still images and movies that record directly to a removable USB flash
drive. Saving or retrieving images requires a single button press while the thumbnail view
allows instant review of inspection results. The accompanying software features image data
management and precise measurement (or re-measurement) of objects in recorded images.
1.1.3.9.

Process compensated resonance testing (PCRT)

Process compensated resonance testing is a relatively new approach in NDT. PCRT is based on
the physics fundamental that any hard component will resonate at specific frequencies that are
a function of its mass, shape, and material properties. Material changes or flaws change the
normal resonance pattern. Resonant ultrasound spectroscopy (RUS), the analysis of the
resonant frequencies of a component, has been used to detect major flaws in metal components
for decades. This technique lacks the resolution to find small defects and cannot effectively be
used to qualify production parts or detect the onset of fatigue. However, the analytical tool of
RUS, coupled with advances in computer based analytical software, has resulted in PCRT, an
analytical tool of great power. The technology is achieving growing acceptance (over
150,000,000 automotive parts tested with PCRT in 2006) in inspection of wide range of
manufactured components such as connecting rods, crank shafts, suspension arms, composites,
ceramics and super alloys, turbine blades etc. Also, the size and geometry of components does
not limit the application PCRT.
1.1.4.

Inspection Methodology

1.1.4.1.

Probability of detection (POD)

Detection of flaws by NDT methods depends on large number of variables. Consequently there
is always a chance (probability) that a certain flaw present in the test object will be missed. The
best possible level of confidence with which flaws present in the tested object can be actually
detected is calculated with the help of probability of detection (POD). The factors on which the
POD for a particular test depends include:
(a) Human factors such as application conditions, access and approach to the object;
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(b) Equipment, its sensitivity, resolution and complexity;
(c) Process and materials interactions;
(d) The capability of various NDT techniques can be quantitatively compared using POD
data.
POD data collection and analysis tools include the following:
(a) Background on NDE reliability;
(b) Measurement Practice;
(c) Vetting and assessing existing databases of POD capability;
(d) Calibrations and transfer functions;
(e) Selecting a model;
(f) Understanding capability relationships behind POD curves;
(g) Understanding and addressing experimental variation.
1.1.4.2.

Risk-based inspection (RBI)

A concept that has gained considerable importance lately is that of risk-based inspection (RBI)
which is a realistic approach to an overall inspection programme. It defines the risk of failure
for all critical components in a system and establishes the appropriate schedules (periods) for
their inspection and testing. Advancement in NDT resulting in improved probability of
detection (POD) has facilitated an increase in the use of RBI.
The European Network for Inspection Qualification (ENIQ) comprising of utilities, vendors,
R&D institutions etc. continues to develop harmonized approaches for inspection qualification
and for risk-informed in-service inspection (RIISI). The widespread use of the ENIQ documents
has been confirmed by an official survey on nuclear safety, performed under the European
Council, as well as by Western Nuclear Regulators Association (WENRA).
1.1.4.3.

Life assessment studies

NDT has proved to be of great value to perform the condition evaluation and subsequently the
lifetime assessment of components. To do that, we need a combination of non-destructive
evaluation (NDE), metallurgical evaluations and computational skills. A combination of these
evaluations can provide information that is needed to evaluate the severity of flaws in
components and with proper engineering analysis, sometimes provide an estimate of
component's remaining life. This cycle of evaluation can help to provide plant operators the
ability to continue the operation of their equipment in a prudent manner even beyond the
originally designed life.
1.1.4.4.

Performance based qualification

The concept of performance based qualification is becoming a necessity in view of the stringent
inspection requirements imposed by the new materials and machines. It is based on the fact that
second party (employer based) qualification and approval (for example in accordance with
ANSI/ASNT CP-189) or independent qualification and third party certification (for example,
in accordance with ISO 9712 or EN 473), followed by on-the-job training may not provide the
required degree of confidence for safety critical inspections. Performance-based qualification
requires personnel to demonstrate that they can do a job that meets certain standards
consistently under real working conditions. It places candidates in situations where they must
demonstrate their knowledge and skills to reliably detect relevant discontinuities.
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1.1.5.

Responsibilities of levels of certification

Commonly used standards for qualification and certification of personnel define the
responsibilities of certified persons as follows.
1.1.5.1.

Level-1

An individual certified to Level 1 has demonstrated competence to carry out NDT according to
written instructions as under the supervision of Level 2 or Level 3 personnel. Within the scope
of the competence defined on the certificate, Level 1 personnel may be authorized by the
employer to:
(a) set up NDT equipment;
(b) perform the tests;
(c) record and classify the results of the tests in terms of written criteria;
(d) report the results.
However, a person having a Level-1 certificate shall not be responsible for the choice of the
test method or technique to be used not for the assessment of test results.
1.1.5.2.

Level-2

An individual certified to Level 2 has demonstrated competence to perform NDT according to
established procedures. Within the scope of the competence defined on the certificate, Level 2
personnel may be authorized by the employer to:
(a) select the NDT technique for the test method to be used;
(b) define the limitations of application of the testing method;
(c) translate NDT codes, standards, specifications and procedures into practical testing
instructions adapted to the actual working conditions;
(d) set up and verify equipment settings;
(e) perform and supervise tests;
(f) interpret and evaluate results according to applicable codes, standards or
specifications;
(g) prepare written NDT instructions;
(h) carry out and supervise all tasks at or below Level 2;
(i) provide guidance for personnel at or below Level 2, and;
(j) organize and report the results of non-destructive tests.
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1.2. MATERIALS AND DEFECTS - PHYSICAL AND MECHANICAL PROPERTIES OF
MATERIALS
1.2.1.

Metallic materials

Mechanical properties are defined as the properties of a material that reveal its elastic and
inelastic (plastic) behaviour when force is applied, thereby indicating its suitability for
mechanical applications, for example, modulus of elasticity, tensile strength, elongation,
hardness, and fatigue limit. Other mechanical properties, not mentioned specifically above, are
yield strength, yield point, impact strength, and reduction of area. In general, any property
relating to the strength characteristics of metals is considered to be a mechanical property.
Physical properties relate to the physics of a metal such as density, electrical properties, thermal
properties, magnetic properties and the like. These and other properties will be described here
in slightly more detail.
1.2.1.1.

Elasticity and plasticity

When stress or force is applied to a metal, it changes shape. For example, a metal under a
compressive stress will shorten and metal in tension will lengthen. This change in shape is
called strain. The ability of metal to strain under load and then return to its original size and
shape when unloaded is called elasticity. The elastic limit (proportional limit) is the greatest
load a material can withstand and still spring back into its original shape when the load is
removed. Within the elastic range stress is proportional to strain and this is known as Hooke's
law. The relationship between applied stress or load and the consequent strain or change in
length is shown in Fig. 1.9. The end of the straight line portion is known as the elastic limit. A
point on the curve slightly higher than the elastic limit is known as the yield point or yield
strength. The allowable or safe load for a metal in service should be well below the elastic limit.
If higher loads are applied, however, the range of elasticity or elastic deformation is exceeded
and the metal is now permanently deformed. Now it will not return to its original dimensions
even when the load is removed. For this reason, the area of the stress strain curve beyond the
elastic limit is called the plastic range. It is this property that makes metals so useful. When
enough force is applied by rolling, pressing or hammer blows, metals can be formed, when hot
or cold, into useful shapes. If the application of load is increased in the plastic region a stage
comes when the material fractures.
A very important feature of the stress-strain curve must be pointed out. The straight-line or
elastic part of the stress-strain curve of a given metal has a constant slope. That is, it cannot be
changed by changing the microstructure or heat treatment. This slope, called the modulus of
elasticity, measures the stiffness of the metal in the elastic range. Changing the hardness or
strength does not change the stiffness of the metal. There is only one condition that changes the
stiffness of any given metal that is temperature. The stiffness of any metal varies inversely with
its temperature; that is, as temperature increases, stiffness decreases, and vice versa.
1.2.1.2.

Strength

The strength of a metal is its ability to resist change in shape or size when external forces are
applied. There are three basic types of stresses namely tensile, compressive, and shear. When
we consider strength, the type of stress to which the material will be subjected must be known.
Steel has equal compressive and tensile strength, but cast iron has low tensile strength and high
compressive strength. Shear strength is less than tensile strength in virtually all metals.
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FIG. 1.9. Stress-strain curve showing elastic and plastic portions of a typical curve.

The tensile strength of a material can be determined by dividing the maximum load by the
original cross-sectional area before testing. Thus:
(1.1)
Tensile strength = (Maximum load) / (Original cross - sectional area)
Metals are "pulled" on a machine called a tensile tester. A specimen of known dimensions is
placed in the tensile testing machine and loaded slowly until it breaks. Instruments are
sometimes used to make a continuous record of the load and the amount of strain (proportional
change in length). This information is put on a graph called a stress-strain diagram. A stressstrain diagram can be made for any metal.
1.2.1.3.

Hardness

The hardness of a metal is its ability to resist being permanently deformed. There are three ways
that hardness is measured; resistance to penetration, elastic hardness, and resistance to abrasion.
Hardness varies considerably from material to material. This variation can be illustrated by
making an indentation in a soft metal such as aluminium and then in a hard metal such as alloy
tool steel. The indentation could be made with an ordinary centre punch and a hammer, giving
a light blow of equal force on each of the two specimens. In this case just by visual observation
one can tell which specimen is harder. Of course, this is not a reliable method of hardness
testing, but it does show one of the principles of hardness testers; measuring penetration of the
specimen by an indenter or penetrator, such as a steel ball or diamond point.
Rockwell, Vicker and Brinell hardness testers are the most commonly used types of hardness
testers for industrial and metallurgical purposes. Heat treaters, inspectors, and many others in
industry often use these machines. The Rockwell hardness test is made by applying two loads
to a specimen and measuring the difference in depth of penetration in the specimen between the
minor load and the major load.
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The Brinell hardness test is made by forcing a steel ball, usually 10 millimetres (mm) in
diameter, into the test specimen by using a known load weight and measuring the diameter of
the resulting impression. A small microscope is used to measure the diameter of the
impressions. Various loads are used for testing different materials, for example, 500 kilograms
(kg) for soft materials such as copper and aluminium and 3000 kg for steels and cast irons.
Generally the harder the material is, the greater its tensile strength will be, that is, its ability to
resist deformation and rupture, when a load is applied.
1.2.1.4.

Ductility

The property that allows a metal to deform permanently when loaded in tension is called
ductility. Any metal that can be drawn into a wire is ductile. Steel, aluminium, gold, silver, and
nickel are examples of ductile metals. The tensile test is used to measure ductility. Tensile
specimens are measured for area and length between gauge marks before and after they are
pulled. The per cent of elongation (increase in length) and the per cent of reduction in area
(decrease of area at the narrowest point) are measures of ductility. A high per cent elongation
(about 40%) and reduction in area (about 70 per cent) indicates a high ductility. A metal
showing less than 20 per cent elongation would have low ductility.
1.2.1.1.

Malleability

The ability of a metal to deform permanently when loaded in compression is called malleability.
Metals that can be hammered or rolled into sheets are malleable. Most ductile metals are also
malleable, but some very malleable metals such as lead are not very ductile and cannot be drawn
into wire easily. Metals with low ductility, such as lead, can be extruded or pushed out of a die
to form wire and other shapes. Some very malleable metals are lead, tin, gold, silver, iron and
copper.
1.2.1.2.

Brittleness

A material that will not deform plastically under load is said to be brittle. Excessive cold
working causes brittleness and loss of ductility. Cast iron does not deform plastically under a
breaking load and is therefore brittle.
A very sharp "notch" that concentrates the load in a small area can also reduce plasticity.
Notches are common causes of premature failure in parts. Weld undercut, sharp shoulders on
machined shafts, and sharp angles on forgings and castings are examples of unwanted notches
(stress raisers).
1.2.1.3.

Notch toughness

Notch toughness (impact strength) is the ability of a metal to resist rupture from impact loading
when there is a notch or stress raiser present. A metal may show high ductility or strength when
tensile tested or be hard or soft when hardness tested, but often the behaviour of metals under
shock loads is not seemingly related to those properties. Of course, as a rule, a brittle metal such
as grey cast iron will fail under low shock loads; that is, its shock resistance is low, and soft
wrought iron or mild steel has a high shock resistance. But soft, coarse-grained metals will have
lower shock resistance than fine-grained metals. A notch or groove in a part will lower the
shock resistance of a metal, so a specific notch shape and dimension is machined on the test
specimen in order to give uniform results.
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In general, the tensile strength of a metal changes in proportion to hardness. However, this
relationship does not always hold true at high hardness levels or with brittle materials because
these materials are more sensitive to stress concentrations, or notches, and may fracture
prematurely when stressed in tension.
1.2.1.4.

Electrical Conductivity

Electrical conductivity is a measure of the ability of a material to conduct electric current. It is
the reciprocal of resistivity. Conductivity is commonly expressed as mhos per metre, since the
unit of resistivity is the ohm. The conductivity of metallic elements varies inversely with
absolute temperature over the normal range of temperatures but at temperatures approaching
absolute zero the imperfections and impurities in the lattice structure of a material make the
relationship more complicated. Metals and materials exhibit a wide range of conductivity.
Between the most conductive substances (silver and copper) and the most resistive (polystyrene
for example) the difference amounts to 23 orders of magnitude.
1.2.2.

Non-metallic materials

1.2.2.1.

Ceramics

Ceramics offer unique properties as engineering materials, notably exceptionally high hardness
and resistance to abrasion and corrosion as well as high temperature properties considerably
superior to those of any metals. However, they are less ductile, intrinsically brittle and
susceptible to thermal shock which can limit their maximum service temperature on
applications involving thermal cycling. Resistance to thermal shock is directly dependent on a
low coefficient of thermal expansion and high thermal conductivity, which properties differ
appreciably between different ceramic materials.
The fabrication of ceramics does not set particular problems since they can be formed by
traditional techniques such as slip casting wet pressing and extrusion; and by such modern
methods as injection moulding, iso-static pressing, tape casting and dry pressing.
Ceramics which can be classified (or are usable or potentially usable) as engineering materials
currently embrace: (i) alumina, (ii) beryllia (beryllium oxide) and boron nitride, (iii) porcelain
(aluminium silicates), (iv) steatite and forsterite (magnesium silicates), (v) silicon nitride and
silicon carbide, (vi) titanium diboride and (vii) vitreous carbon.
Ceramics are finding an increasing use in the fabrication of electronic components, engineering
components, medicine and dentistry and jewellery. The use of ceramic-coated metals and
ceramic-metal combinations has now assumed significant proportions, particularly in the fields
of practical nuclear physics (e.g. parts for nuclear reactors) and jet engine manufacture. Metal
ceramic combinations are of two types: a ceramic coating on the metal, or a chemical and
mechanical combination of metals and ceramics in a cermet material. Both are essentially
attempts to produce satisfactory high-temperature materials, either with reduced costs and
better availability or with an overall performance superior to existing metal or ceramic materials
on their own. Broadly speaking the mechanical properties of these two types of materials
represent extremes. Metals have high tensile strength and shock resistance, but lose these
properties rapidly with increasing temperature. Ceramics of the refractory kind have extremely
high melting points and excellent general stability, but are low in tensile strength and both
mechanical and thermal shock resistance.
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Normally cermets are formed by techniques similar to those employed in powder metallurgy.
The ceramic content usually comprises refractory oxides, carbides or nitrides whilst the metal
powder component is usually chromium, nickel, molybdenum or titanium. The resulting
properties are different from those of either of the separate constituents. A number of cermets
have particularly high melting points, best realized in an open flame.
1.2.2.2.

Composites

A composite is a material in which a stronger, sometimes fibrous material is usually combined
with another to reinforce or strengthen the resultant mass. The needs of the aerospace industry
led to the development and acceptance of composite materials. Low weight, high strength and
great rigidity were of paramount interest of military aviation. These same qualities are also in
demand in many non-military applications.
The most common forms of composites are based on a plastic matrix. The fibrous reinforcing
material may be in sheet form, as in thermoset plastic laminates; filament form, woven or
random, as in glass reinforced plastics; or short fibre form as in filled or reinforced
thermoplastics. These materials are well established and widely available.
In the case of thermoset laminate composites, phenolic, melamine and epoxide are the main
resin systems used with paper, cotton fabric, glass fabric and asbestos as the main alternative
reinforcing materials. Ceramic and metal composites have remained relatively undeveloped as
general engineering and constructional materials, largely on account of high cost. There are,
however, numerous applications of 'filled' and 'laminated' metal forms which qualify as
composites under the general description.
1.2.2.3.

Concrete

Concrete is a mixture of stone and sand held together by a hardened paste of hydraulic cement
and water. When the ingredients are thoroughly mixed, they make a plastic mass which can be
cast or moulded into a predetermined size and shape. When the cement paste hardens, the
concrete becomes very hard like a rock. It has great durability and has the ability to carry high
loads especially in compression.
The required strength and properties of concrete can be obtained by careful selection of its
ingredients, correct grading of ingredients, accurate water additions and adopting a good
workmanship in mixing, transportation, placing, compaction, finishing, and curing of concrete
in the construction work.
The main ingredients of concrete are cement, coarse aggregate (i.e. screenings, gravel, etc.),
fine aggregate (i.e. sand), chemical admixtures (if necessary) and fibrous materials (as
necessary). Aggregates in concrete constitute by far the bulk of the mass.
1.2.3.

Structures of metals and alloys

The properties of metals can be explained in terms of the manner in which the atoms of a metal
are bonded together. In this bond, called the "metallic bond", formed among similar metal
atoms, some electrons in the valence shell separate from their atom and exist in a cloud
surrounding all the positively charged atoms. These positively charged atoms arrange
themselves in a very orderly pattern. The atoms are held together because of their mutual
attraction for the negative electron cloud (Fig. 1.10).
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Because the electrons are free to move in an electric field, metals conduct electricity. The free
electrons absorb and then radiate back most of the light energy that falls on them, metals are
opaque and lustrous. Because free electrons can transfer thermal energy, metals conduct heat
effectively. The metallic bond is non-specific, which explains why different metals can be
alloyed or joined one to another. It is also non-directional, pulling equally hard in all directions.
It therefore binds the metal atoms tightly, so that their cores (nuclei and inner shell electrons)
fit closely among one another. The close packing favoured by the metallic bond is best realized
in certain regular crystalline structures. These structures, although resistant to tension, offer less
resistance to shearing forces, and thus they explain the ductility of metals. They are by
definition dense, and thus they explain the comparative heaviness of metals.charged atoms

FIG. 1.10. Schematic illustration of a metallic bond.

1.2.3.1.

Crystal structure

All matter is considered to be composed of unit substances known as chemical elements. These
are the smallest units that are distinguishable on the basis of their chemical activity and physical
properties. The elements are composed of atoms which have a distinct structure characteristic
of each element. Atoms are too small to be seen with the aid of ordinary microscopes, but the
outline of molecules has been detected with such devices as the ion field emission microscope
and the electron microscope. The chemical elements may be roughly classified into three
groups: metals, metalloids, and non-metals. Some of the properties that an element must have
to be considered a metal are: (1) crystalline structure; (2) high thermal and electrical
conductivity; (3) ability to be deformed plastically; (4) metallic luster or high reflectivity of
light (5) ability to donate electrons and form a positive ion. Metalloids resemble metals in some
respects and on-metals in others. Examples of metalloids are carbon, boron and silicon. The
remaining elements are known as non-metals. This includes the inert gases, the elements in
Group VII A, and N, O, P and S.
The mechanical properties of metals, then derive from their crystalline structure. That is, the
atoms in the solid state of a metal are arranged in definite three dimensional geometric patterns
to form crystals or grains of the metal. The network formed by joining the centre of the atoms
in a crystal is called the 'space lattice' or 'crystal lattice' of the metal. The smallest volume in a
space lattice which properly represents the position of the atoms with respect to each other is
known as the unit cell. There are fourteen types of unit cells but the structures of most of the
common and commercially important metals in the solid state are constructed from the
following three types of unit cells:

Body-centered cubic (BCC)
The body-centred cubic cell is made up of nine atoms. Eight are located on the corners of the
cube with the ninth positioned centrally between them Fig. 1.11 a. The body-centred cubic is a
strong structure, and in general, the metals that are hard and strong are in this form at normal
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temperatures. These metals include, for example, chromium, molybdenum, barium, tungsten,
sodium and vanadium. Steel under 723 oC also has this structure, and is called alpha iron or
ferrite.
Face-centered cubic (FCC)
Face-centered cubic cells consist of fourteen atoms with eight at the corners and the other six
centered in the cube faces Fig. 1.11 b. This structure is characteristic of ductile metals, which
include aluminium, copper, gold, lead, nickel, platinum and silver. Iron, which is body-centered
cubic at room temperature, is also of the face-centered structure in the temperature range from
about 910oC to 1400oC and is called gamma iron or austenite.
Hexagonal close-packed (HCP)
Seventeen atoms combine to make the hexagonal close-packed unit cell. Seven atoms are
located in each hexagonal face with one at each corner and the seventh in the centre. The three
remaining atoms take up a triangular position in the centre of the cell equidistant from the two
faces Fig. 1.11 c. The metals with this structure are quite susceptible to work-hardening. Some
of the more commonly used metals that crystallize with this structure are cadmium, cobalt,
magnesium, titanium and zinc.
1.2.3.2.

Grains (crystals) and grain boundaries

When a metal is cooled from the liquid state to the solid state, because cooling cannot be exactly
the same for every atom, certain atoms will be attracted to each other to form a unit cell ahead
of others. This unit cell becomes the nucleus for crystal formation. As the cooling continues
other atoms will take up their positions alongside this nucleus and the crystals, or as it is usually
referred to for metals, the grain, will grow in size. This orderly growth of the grain continues
in all directions until it runs into interference from other grains that are forming simultaneously
about other nuclei. Fig. 1.12 illustrates the process of the formation of grains and grain
boundaries.
Although with some metals with special treatment it is possible to grow single crystals several
inches in diameter, in most metals at the usual cooling rates, a great number of crystals are
nucleated and grow at one time with different orientations. If two grains that have the same
orientation meet, they will join to form a larger grain, but if they are forming about different
axes, the last atoms to solidify between the growing grains will be attracted to each and must
assume compromise positions in an attempt to satisfy a double desire to join with each. These
misplaced atoms are in layers about the grains and are known as grain boundaries. They are
interruptions in the orderly arrangement of the space lattices and offer resistance to deformation
of the metal. A fine-grained metal with a large number of interruptions, therefore, will be harder
and stronger than a coarse-grained metal of the same composition and condition.

FIG. 1.11. Crystal types (a)

Body-centred cubic (BCC) (b) Face-centred cubic (FCC) (c) Hexagonal close-packed (HCP).
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FIG. 1.12. Growth of crystals and grains during solidification.

1.2.3.3.

Structure of alloys

An alloy is a substance that has metallic properties and is composed of two or more chemical
elements, of which at least one is a metal. Most commercially used metallic materials are not
pure metals but alloys which consist of more than one element. Some of them may be nonmetallic elements. Fundamentally, three modes of arrangement of atoms or phases exist in
alloys. These three modes (phases) are pure metal, solid solution and inter-metallic compound.
For simplicity of illustration, an alloy with two elements A and B shall be considered in the
following discussion.
Pure metal
There exist no B-atoms in A-crystal grains and no A-atoms in B-grains, i.e. mixture of pure Aand B-crystal grains. A and B metals are mutually insoluble. This complete lack of intersolubility is theoretically almost impossible (The solubility of one component in another may
be exceedingly small but hardly zero).
Solid solution
Any solution is composed of two parts: a solute and a solvent. The solute is the minor part of
the solution or the material which is dissolved, while the solvent constitutes the major portion
of the solution. There exist B-atoms (solute) in A-crystal grains (solvent). Solid solutions are
of two types: substitutional solid solutions and interstitial solid solutions.

FIG. 1.13. Illustration of (a, b) Substitutional and (c) interstitial solid solutions.

Substitutional solid solution
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A substitutional solid solution is a solution of two or more elements with atoms that are nearly
of the same size. This requirement is necessary in that the alloying atoms need to replace the
regular atoms in the lattice structure as shown in Fig. 1.13 (A). Examples of substitutional solid
solutions are gold dissolved in silver, and copper dissolved in nickel.
Interstitial solid solution
Interstitial solid solutions are made up of alloying elements or atoms that differ greatly in size.
The alloying atoms must be small enough to fit within the lattice structure of the base material.
This type of solid solution is called interstitial, and is illustrated in Fig 1.13 (B). Small amounts
of carbon, nitrogen, and hydrogen can alloy interstitially in iron and other metals.
Inter-metallic compounds
These are generally formed between chemically dissimilar metals and are combined by
following the rules of chemical valence. Since they generally have strong bond (ionic or
covalent), their properties are essentially non-metallic. Elements A and B form an inter-metallic
compound AB. In contrast to a solid solution, the ratio of the number of A-atoms to B-atoms is
fixed (m:n), and the crystal structure is quite different from both A- and B-metal crystals and
usually very complicated. Almost all the inter-metallic compounds are very hard and brittle due
to their complicated crystal structure.
1.2.3.4.

Allotropic transformation

Many metals exist in more than one crystal structure. The transformation when a metal changes
from one crystal arrangement to another is called an "allotropic transformation" or "phase
transformation". Iron exists in three allotropic forms: BCC (below 1333oF or 723oC), FCC
(above 1670oF or 911oC), and delta iron (between 2550oF or 1398oC and 2800oF or 1538oC).
The exact temperature is determined by the amount of carbon and other alloying elements in
the metal. The properties of iron and steel are governed by the phase transformations they
undergo during processing. Understanding these transformations is essential to the successful
welding of these metals. Steel is an iron alloy containing less than two per cent carbon. The
presence of carbon alters the temperatures at which freezing and phase transformations take
place. The addition of other alloying elements also affects the transformation temperatures.
Variations in carbon content have a profound effect on both the transformation temperatures
and the proportions and distributions of the various phases (austenite, ferrite, and cementite).
The iron-carbon phase diagram is shown in Fig. 1.14. On cooling, delta ferrite to austenite
transformation occurs at 2535oF (1390oC) in essentially pure iron, but in steel, the
transformation temperature increases with increasing carbon content to a maximum of 2718 oF
(1492oC). Steels with more than 0.5 per cent carbon freeze directly to austenite at a temperature
below 2718oF (1492oC) and therefore, delta ferrite does not exist in these steels. On further
cooling, austenite transforms to ferrite plus iron carbide. This is one of the most important
transformations in steel. Control of it is the basis for most of the heat treatments used for
hardening steel. This transformation occurs in essentially pure iron at 1670oF (910oC). In steel
with increasing carbon content, however, it takes place over a range of temperatures between
boundaries A3 and A1, Fig. 1.14. The upper limit of this temperature range (A3) varies from
1670oF (910oC) down to 1333oF (723oC). For example, the A3 of a 0.10 per cent carbon steel
is 1600oF (870oC), while for a 0.50 per cent carbon steel it is 143oF 0 (775oC). Thus, both at
high and low temperatures the presence of carbon promotes the stability of austenite at the
expense of delta and alpha ferrite. The lower temperature of the range (A1) remains at 1330oF
(723oC) for all plain carbon steels, regardless of the carbon level. Austenite can dissolve up to
2.0 per cent of carbon in solid solution, but ferrite can dissolve only 0.025 per cent. At the A1
temperature, austenite transforms to ferrite and an inter-metallic compound of iron and carbon
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(Fe3C), called cementite. Ferrite and cementite in adjacent platelets form a lamellar structure,
known as pearlite.
Most of the common alloying elements added to steel further alter the transformation
temperatures. Room temperature microstructures of iron-carbon alloys at the equilibrium
conditions covered by this diagram include one or more of the following constituents:
Ferrite: A solid solution of carbon in alpha iron.
a)
Pearlite: A mixture of cementite and ferrite that forms in plates or lamellae;
b)

Cementite: Iron carbide, Fe3C, present in pearlite or as massive carbides in high
carbon steels;

c)

Austenite: A solid mixture of carbon in gamma iron;

d)

Leborite: A eutectic mixture of austenite and cementite.

FIG. 1.14. The iron-carbon phase diagram.

When carbon steels are slowly cooled from the austenitic temperature range, the relative
amounts of these three constituents at room temperature depend on the chemical composition.
However, austenite decomposition is suppressed when the cooling rate is accelerated. When
transformation does begin, it progresses more rapidly, and larger volumes of pearlite are
formed. As the cooling rate is further increased, the pearlite lamellae become finer (closely
spaced platelets). At fast cooling rates, still lower transformation temperatures are encountered,
and a feathery distribution of carbides in ferrite is formed instead of pearlite. This feathery
arrangement of shear needles with fine carbides in a ferrite matrix is called bainite. It has
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significantly higher strength and hardness and lower ductility than fine pearlitic structures. With
very fast cooling rates (severe quenching), martensite is formed. Martensite is the hardest
austenite decomposition product. When the cooling rate is fast enough to form 100 per cent
martensite, no further increases in hardness can be achieved by faster quenching. The
decomposition of austenite is an important consideration in the welding of steel alloys because
the weld metal and parts of the heat-affected zone undergo this transformation.
1.2.4.

Indications, discontinuities and defects in materials

Whenever there is a change in the homogeneity and uniformity of properties within a material,
it can invariably be attributed to the presence of discontinuities or imperfections within the
material. Starting from the dislocations and atomic structure irregularities, the discontinuities
can take various shapes and forms such as gas inclusions (micro-porosity, porosity, blowholes,
pipes, voids), cracks, metallic inclusions, lack of penetration, lack of fusion, shrinkage, laps and
seams, etc.
Discontinuities can be divided into three general categories inherent, processing, and service.
(a) Inherent discontinuities are usually formed when the metal is molten. There are two
further sub classifications. Inherent wrought discontinuities relate to the melting and
solidification of the original ingot before it is formed into slabs, blooms, and billets.
Inherent cast discontinuities relate to the melting, casting and solidification of a cast
article;
(b) Processing discontinuities are usually related to the various manufacturing processes
such as machining, forming, extruding, rolling, welding, heat treating, and plating.
During the manufacturing process, many discontinuities that were subsurface will be
made open to the surface by machining, grinding, etc.;
(c) Service discontinuities are related to the various service conditions, such as stress,
corrosion, fatigue and erosion. The discontinuities may alter the local stress distribution
and, in addition, may affect the mechanical or chemical (corrosion resistance)
properties.
Discontinuities should be characterized not only by their nature, but also by their shape. Planar
type discontinuities, such as cracks, laminations, incomplete fusion, and inadequate joint
penetration, create serious notch effects. Three-dimensional discontinuities create almost no
notch effect, but amplify stresses by reducing the weldment area. Therefore, the characteristics
of discontinuities which should always be considered include the size, acuity or sharpness,
orientation with respect to the principal working stress and residual stress, location with respect
to the exterior surfaces and the critical sections of the structure. Based on these considerations
all discontinuities found during NDT tests should be evaluated in the light of applicable
standards or procedures. If the discontinuities turn out to be rejectable according the criteria
specified in these applicable documents then these are termed as 'defects'.
All the above discontinuities are described under the individual processes in Sections 1.3 and
1.4. Manufacturing and in-service discontinuities are respectively dealt with in the relevant
Sections 1.3 and 1.4.
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1.3.PROCESSING AND DEFECTS
1.3.1.

Casting

1.3.1.1.

Ingot casting and related defects

A casting suitable for working or re-melting is called ingot. The moulds into which molten
metal is poured to form ingots are made of grey cast iron, meehanite with large graphite flakes,
and anodized aluminium alloys. The inside surface of the mould is frequently coated with
suitable materials to help form a smooth ingot surface. The slab or billet is normally the starting
point for actual forming of articles or materials. Typical discontinuities found in ingot Fig. 1.15
are non-metallic inclusions, porosity and pipe. Most of these discontinuities in the ingot are in
the upper portion and can be easily eliminated by cropping off the top of the ingot. The ingot
after the hot top is cropped off is called a bloom. The blooms then can be further processed to
form slabs and billets as shown in Fig. 1.16.

1.3.1.2.

Casting processes

A commonly used method of forming metal objects of complex shapes is by pouring molten
metal into a mould in which it sets to the required shape. The mould is then broken away to
expose the casting, or the design of the mould is such that it can be separated without damage
and re-used. The moulds are usually formed from patterns which can be used many times over,
if necessary, and their design is critical in that 'feed' and 'vent' holes must be carefully positioned
in the mould to permit the metal to flow freely into all parts Fig. 1.17. Problems that can occur
are interaction on cooling. It is also unlikely that the crystal structure of a casting will be
optimum in all parts so that its strength may be less than with other methods of fabrication.
Various casting processes include sand casting, permanent mould casting, die casting,
centrifugal casting and shell mould casting etc. Since the casting process is complex and a large
number of variables need to be controlled to get a good quality product and since it is not
possible to give all the details here, only the principles and salient features of the above
mentioned processes of casting are briefly presented.
Sand casting
In this case a sand mould is used for casting the desired shape of the required alloy. A sand
mould may be defined as a pre-formed sand container into which molten metal is poured and
allowed to solidify. In general sand moulds are destroyed as the casting is removed from them.
Sand moulds make it possible to cast complex shapes that might not be possible otherwise.
Different types of sand moulds can be made for making different castings. Green sand moulds
are made from moist sand and are used for practically all ferrous and non-ferrous castings. They
have the disadvantage of not being very strong as well as requiring moisture during manufacture
which may cause certain defects in the casting. Green sand moulds may be provided with dry
sand on the surface to give skin-dry moulds. Purely dry-sand moulds can also be made by
adding to the sand a binder instead of moisture.
Methods of preparing sand moulds include bench moulding, machine moulding, floor
moulding' and pit moulding. Bench moulding is used for small castings. This is usually a slow
and laborious process since hand ramming with loose pattern is usually used. Small and medium
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moulds may be made even with the aid of a variety of machines which are usually faster and
more uniform than bench moulding. Medium to large moulds are made directly on the foundry
floor. Very large moulds made in a pit constructed for the purpose are called pit moulds.

FIG. 1.15. Typical defects in an Ingot.

FIG. 1.16. Typical primary material processes.

The sands most commonly used in sand die casting contain silica sand which is usually from
50 to 95% of the total material in any moulding sand, zirconate and olivine, etc. The most
important properties and characteristics of such sands are permeability, cohesiveness and
refractoriness. Permeability is a condition of porosity and is related to the passage of gaseous
material through the sand as well as to the density of sand grains. Cohesiveness can be defined
as the holding together of sand grains or strength of moulding sand and depends upon the size
and shape of the sand grains.
Mould cavities may be produced by packing the moulding material around what are called
patterns. The patterns may be made from wood, metal or other suitable materials. There are a
variety of these patterns used in the manufacture of castings. Another important part of the
casting process is the core box which is a structure made of wood, metal or other suitable
material, containing a cavity with the shape of a desired core. Making a sand mould involves
the proper packing of moulding sand around a pattern. After the pattern is removed from the
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sand and the gating arrangement completed, the mould cavity is filled with molten metal to
form the casting.

FIG. 1.17. Typical casting steps.

Permanent mould casting
A casting made by pouring molten metal into a mould made of some metallic alloy or other
material of permanence is known as a permanent mould casting. Grey cast iron with large
graphite flakes is the most commonly used material in the construction of permanent moulds.
This common use is partly due to the ease with which they may be machined. Certain steels,
particularly special alloy steels that are heat treated, often have especially good resistance to
erosion. They have excellent refractory properties. Some aluminium alloys on which the surface
has been anodized, are also used as moulding materials. Anodizing produces Al2O3 which is
very refractory and resistant to abrasion. These alloys are very easy to machine and possess a
good chilling capacity. The mould is not destroyed on removing the casting and therefore can
be re-used many times.
Die casting
Die casting may be defined as the use of a permanent mould (die) into which molten metal is
introduced by means of pressure. The term pressure die casting is another name for this method
of casting. This pressure is obtained by application of compressed air or by pneumatically or
hydraulically operated pistons. This process of casting can be subdivided in two types, e.g. (a)
Hot chamber die casting and (b) Cold chamber die casting.
i.

Hot chamber die casting.

The melting unit is an integral part of the hot chamber machine, and molten metal is introduced
directly from this melting unit, by means of plunger mechanism into the die cavity. The process
is further characterized by a normal amount of superheat in the metal and the need for a
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commensurately lower casting pressure. Pressure on the molten metal in hot chamber die
casting machines may vary from approximately 3.5 to 41 MPa (500 to 6000 psi).

FIG. 1.18. Hot chamber die casting.

An average of approximately 14 to 17 MPa ( 2000 to 2500 psi ) is common. Air injection
pressures are normally limited to about 4 MPa ( about 600 psi). Fig. 1.18. shows hot chamber
die casting.
ii.

Cold chamber die casting

The melting unit is usually separate in this case, and molten metal must be transferred to the
injection mechanism by ladle Fig. 1.19. Further distinctive characteristics of the process are,
very high metal pressures and the fact that the casting alloy may be at a temperature somewhat
less than normal superheat; the melt may even be in a semi-molten condition. Pressure on the
casting metal in cold chamber die casting machines may vary from 20.5 MPa (3000 psi) to as
high as (172 MPa (25 000 psi) and in some cases may reach (690 MPa (100 000 psi). Metallic
alloys cast in a semi-molten condition require greater pressure to compensate for the reduced
fluidity resulting from low pouring temperatures. Lower working temperature and high
pressures produce castings of dense structure, free of blow holes and porosity related to
dissolved gases.
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FIG. 1.19. Cold chamber die casting.

Centrifugal casting
Any process in which molten metal is poured and allowed to solidify while the mould is
revolving, is a centrifugal casting process. Castings produced under this centrifugal force are
called centrifugal castings. There are three recognized centrifugal processes namely true
centrifugal casting, semi-centrifugal or profiled-centrifugal casting and centrifuged or pressure
casting and are shown in Fig. 1.20. True centrifugal casting is that in which castings are made
in a hollow, cylindrical mould rotated about an axis common to both casting and mould. Castiron pipe is commonly made by this method. In this process the axis of spin may be horizontal,
inclined, or vertical. In the true centrifugal casting process the inside circumference is always
circular. When the mould is rotated on a horizontal axis, a true cylindrical inside surface is
produced. True centrifugal casting is used only on symmetrically shaped objects. Semicentrifugal or profiled-centrifugal casting is similar to the true centrifugal method, except that
a central core is used to form the inner surface or surfaces. The casting is not dependent upon
centrifugal force for its shape. A good example of semi-centrifugal work is a cast wheel-like
casting. The axis of spin in the semi-centrifugal process is always vertical. Although the yield
is better than with static casting, it is not as high as in true centrifugal casting. With this process
also only symmetrically shaped objects can be cast.
Centrifuged or pressure casting is applied for non-symmetrical castings. The mould cavity is
not rotated about its own axis but about the axis of a central down sprue common to the axis of
spin, which feeds metal into the mould cavity under centrifugal force. This process of
centrifuging can be done only about a vertical axis. Centrifugal force provides a high pressure
to force the metal alloy into the mould cavity. Centrifugal casting processes can be used to
produce parts made of both the ferrous and non-ferrous alloy groups. Cast-iron pipe, gun
barrels, automotive cylinder walls, jet engine rings, piston rings and brake drums are common
parts centrifugally cast. Advantages include the elimination of foreign inclusions and the
production of sounder castings. The chief disadvantages are the shape and size limitations.
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FIG. 1.20. Centrifugal casting.

Investment casting
This process involves making a one-piece mould from which the pattern is removed by a
procedure which melts the pattern. The moulds used in this process are single purpose moulds.
The elimination of all parting planes provides improved dimensional tolerances. Since the
pattern is removed by melting or burning out, casting precision is increased through eliminating
draft, rapping, and shifts. Various other names are given to this process. It is also called
precision investment casting, precision casting or the lost-wax process and is shown in Fig.
1.21.
Various types and grades of wax are the common materials for pattern making for investment
casting. Certain plastics that burn without residue are also used as pattern materials. Some low
melting point metallic alloys can also be used as pattern materials. In this process of casting the
patterns are formed afresh each time by casting or forging the pattern material in dies made of
metal, plastic, rubber or wood.
Patterns are first made of wax or other pattern materials by melting and then injecting it into a
metallic or non-metallic die. Then the patterns are welded or joined to gates and runners, which
are also of the same material as the pattern. By this welding or joining of the pattern to gates
and runners a tree like pattern is prepared. This tree is now dipped into refractory sand, placed
in a metal flask and sealed to the pallet. Then the investment or moulding material, in viscous
slurry form, is poured around the pre-coated tree. When the investment has set, the mould is
heated by putting it in an oven at 200°F. By this heating the mould is dried and baked and the
pattern is melted and the molten pattern material is taken out of the mould. Now as a final touch
to the mould before casting, the mould is placed in a furnace and is heated to a temperature of
1300-1900°F. This removes all wax residue, if any, sticking to the investment mould. The
mould is then heated to the casting temperature.
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FIG. 1.21. Steps for investment casting.

Shell mould casting
This process involves making a mould that has two or more thin, shell-like parts consisting of
thermosetting resin-bonded sand. These shells are single purpose in application and are hard
and easily handled and stored. Shells are made so that matching parts fit together easily, held
with clamps or adhesives and poured in either a vertical or horizontal position. These moulds
may be supported in racks or in a mass of bulky permeable material like sand, steel shots, or
gravel.
Metallic patterns are used for the production of shells, as they are subjected to heating
temperatures approaching 1,000°F. The pattern must have some provision, in the form of
ejector pins, for the removal of shells from the surface of the pattern. Clean dry silica sand is
the bulk material used in the making of shell moulds. Grain size and distribution can vary with
use. Thermosetting synthetic resins are used as binders for sand. The resins include the phenol
formaldehydes, urea formaldehydes, and others.
The sand and resin mix or coated sand is caused to fall against, or is blown against, a heated
metal pattern or core box. The temperature of the pattern ranges from 350 to 600°F. Contact of
the thermosetting resin with the hot pattern causes an initial set and thus an adhering layer of
bonded sand is formed within 5 to 20 seconds. The pattern with this adhering layer of bonded
sand is placed into the furnace and is cured by heating to the proper temperature for one to three
minutes. The time of curing depends on the shell thickness and the resin type. The assembly is
then removed from the furnace and the shell is stripped from the pattern by ejector devices.
This stripping is sometimes a problem and can be overcome by using a silicon parting agent.
The main advantages of this process are that the 'shell' cast parts have generally a smooth
surface and thereby reduce machining costs. These techniques are readily adaptable to mass
production by using automatic equipment. The disadvantages can be the initial cost of metal
patterns, the higher cost of the resin binders and a general size limitation.
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Continuous casting
Although only a small tonnage of castings are produced by continuous casting, it is possible to
produce two dimensional shapes in an elongated bar by drawing solidified metal from a water
cooled mould. As shown schematically in Fig. 1.22 molten metal enters one end of the mould,
and solid metal is drawn from the other. Control of the mould temperature and the speed of
drawing is essential for satisfactory results. Exclusion of contact with oxygen, while molten
and during solidification, produces high quality metal. Gears and other shapes in small sizes
can be cast in bar form and later sliced into multiple parts.

FIG. 1.22. Steps for investment casting.

TABLE 1.II. COMPARISON OF CASTING METHODS (APPROXIMATE)

Relative cost in large
quantity
Relative cost for small
number
Permissible weight of
casting
Thinnest section
castable (mm)
Typical dimensional
tolerance (mm)
Relative surface finish
Relative mechanical
properties
Relative ease of
casting complex
designs
Relative ease of
changing design in
production
Range of alloys that
can be cast

1.3.1.3.

Sand
casting

Permanent
mould
casting

Medium

Low

Die- casting Centrifuga Investment Shell
l casting
casting
mould
casting
Lowest
High
Highest
Medium

Lowest

High

Highest

Medium

Low

Low

Unlimited

100 lb

300 lb

5 lb

Unlimited

3.25

3.25

1

Several
tons
12.5

0.25

3.25

1.6

0.75

0.25

1.6

0.25

0.25

Poor
Fair

Good
Good

Best
Very good

Fair
Best

Very good
Fair

Good
Good

Fair

Fair

Good

Poor

Best

Fair

Best

Poor

Poorest

Good

Good

Good

Unlimited

Copper base
and lower
melting
preferable

Aluminium
base and
lower
melting

Unlimited

Unlimited

Unlimited

Casting defects
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There are in general three broad categories of casting defects. First are the major or most severe
defects which result in scraping or rejection of the casting. The second category is of
intermediate defects, which permit salvaging of the casting through necessary repair. The third
category defects are minor ones which can be easily repaired. The elimination and control of
casting defects is a problem that the foundry engineer may approach in several ways.
The common procedure is to rely upon salvaging techniques that appear to provide immediate
savings. Remedial procedure in the moulding, core-making, melting or pouring areas of the
foundry are frequently neglected but are highly desirable to be controlled to avoid defects. Some
of the defects which usually occur in castings are given hereunder:
Porosity
Gas holes are spherical holes of varying size, with bright walls, usually fairly evenly distributed
and formed by gas in the metal. The larger holes tend to be found in the heavier section (i.e.
last to solidify). If the metal is correct prior to casting, the pinhole type of porosity is probably
due to absorption of hydrogen from steam in the mould. The gas in the molten metal is removed
by a gas scavenging technique and by keeping casting ladles and moulds dry.
Blowholes
Blowholes are mainly found in three forms: i) Elongated cavities with smooth walls, found on
or just below the surface of the topmost part of a casting. These are caused by entrapped air and
repetition can be avoided by venting the mould and increasing its permeability. ii) Rounded
shape cavities with smooth bright walls are caused by mould or core gases, coupled with
insufficient permeability, or venting. They can be avoided by using less oil binder in the mould
and ensuring that cores are dry and properly baked and that the sand is properly mixed. iii)
Small cavities immediately below the 'skin' of the casting surface are formed by the reaction of
the molten metal with moisture in the moulding sand. This can be avoided by reducing the
volatile content in mould cores and mould dressing, by ensuring that metal is deoxidized, by
using more permeable sands, by ensuring that moulds and cores are properly vented and by
reducing pouring temperature.
Piping
When this term is used in the foundry it refers to the gas inclusion defects encountered in risers
or within the casting proper.
Inclusions
These are material discontinuities formed by the inclusion of oxides, dross, and slag in a casting.
They are due to careless skimming and pouring, or the use of a dirty ladle, and to turbulence
due to improper gating methods when casting alloys, such as aluminium and bronze, that are
subject to surface oxide-skin formation. Faulty closing of moulds can cause 'crush' and loose
pieces of sand becoming incorporated in the casting. The occurrence of inclusions can be
avoided by proper use of equipment and foundry practice.
Sponginess
A defect that occurs during the early stages of solidification of a casting and has the appearance,
as the name would imply, of a sponge; it may be local or general in extent. The major cause is
failure to obtain directional solidification of the casting towards the desired heat centres, such
as risers and in-gates; insufficiently high pouring temperature and placing of in-gates adjacent
to heavy sections.
Shrinkage
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It is a casting defect that occurs during the middle and later stages of solidification of the cast
metal. It has a branching formation, is readily distinguishable from that of sponginess, and is a
form of void Fig. 1.23. The defect can be avoided by paying particular attention to the direction
of solidification and ensuring adequate risers, or other feeding aids, on the heavier sections of
a casting. Modification of casting design, i.e. to make cast sections more uniform for the flow
and solidification of the metal is helpful in avoiding shrinkage. Moulds and cores are sometimes
made too strong and greatly resist the contraction of the cast metal and, in this way, will cause
a breakdown in the homogeneity of the metal.
Hot tears
These are discontinuities that result from stresses developed close to the solidification
temperature while the metal is still weak. These, again, are attributed to resistance of the mould
and core, which hinder contraction of the casting, causing thermal stress. Hot tears resemble
ragged cracks. They can be avoided by making cores and moulds more collapsible, avoiding
abrupt changes in section and preventing the formation of intense hot spots by designing with
more uniform sections Fig. 1.24.

Crack
Well defined and normally straight, they are formed after the metal has become completely
solid. Quite large stresses are required to cause fracture, and the walls of such cracks are
discoloured according to the temperature of the casting when the cracks formed. Bad casting
design coupled with restriction of contraction by the mould, core, or box bars contribute to
cracking, and avoidance of these, together with the easing of mould or cores as soon as possible
after solidification, will help to prevent build-up of stresses.
Cold shuts
These are discontinuities (a form of lack of fusion) caused by the failure of a stream of molten
metal to unite with another stream of metal, or with a solid metal section such as a chaplet Fig.
1.25. They are linear in appearance, with perhaps a curling effect at the ends. A cold shut is
caused by the fluidity of the metal being too low (i.e. surfaces too cold) or perhaps
unsatisfactory methods of feeding the molten metal. Cold shuts can often be avoided by raising
the pouring temperature or pouring rate or both and reviewing the position, size, and number
of in-gates and the arrangements for venting the mould.
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FIG. 1.23. Formation of shrinkage defects.

FIG. 1.24. Hot tears.
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FIG. 1.25. Types of cold Shuts.

Unfused chaplet
A chaplet is often used to support a section of a mould or a core within a mould and when the
molten metal is poured in, the chaplets should fuse into the casting. When unfused, the chaplet
will cause a discontinuity in the casting. Design of chaplet and type of chaplet should be
reviewed in overcoming this defect.
Misplaced core
An irregularity of wall thickness, e.g. one wall thicker than the other, can be detected by a
double wall technique radiograph. It is caused by core out-of-alignment, careless coring-up and
closing of mould, or rough handling after the mould is closed.

Segregation
Segregation is a condition resulting from the local concentration of any of the constituents of
an alloy. The segregation can be general extending over a considerable part of a casting, local
when only the shrinkage voids or hot tears are wholly or partially filled with a constituent of
low melting point or banded' which is mainly associated with centrifugal castings but can also
occasionally occur in static castings.
1.3.2.

Powder metallurgy processes

The definition for the term powder metallurgy is '”the art of producing metal powders and
objects shaped from individual, mixed, or alloyed metal powders, with or without the inclusion
of non-metallic constituents, by pressing or moulding objects which may be simultaneously or
subsequently heated to produce a coherent mass, either without fusion or with the fusion of a
low melting constituent only”. Fig. 1.26 shows the steps ordinarily required in the production
of a part by the powder metallurgy process. After selection and blending of the powder and
manufacture of a die for the shape to be produced, the powder is pressed to size and shape. The
application of heat results in crystalline growth and the production of a homogeneous body.
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FIG. 1.26. Elements of powder metallurgy.

1.3.2.1.

Mixing and blending

Mixing is required for even a single metal powder to promote homogeneity with a random
dispersion of particle sizes and shapes. The mixing and blending is even more important for
combinations of materials that depend on uniform alloying to develop final properties. Small
amounts of organic materials may be added to reduce segregation, and other materials, both
organic and inorganic, may be added to act as lubricants during pressing or sometimes in the
final product.

1.3.2.2.

Compaction or pressing

Compacting of metallic powders ideally would be done by applying pressure in all directions
at one time. This is usually impractical for commercial use, and most compaction is done along
a single axis. Pressure is sometimes applied from one direction only, but in other cases opposing
motions are used to reduce the effect of sidewall friction. The effectiveness of pressing is most
often evaluated by measuring the density of the material and expressing it as a percentage of
the theoretical density for solid metal of the type being treated. Densities depend on the particle
size and shape, the material, the pressure, the time, and the temperature. The density variation
problem is further complicated by shapes that are other than simple cylinders. Development of
pressure by centrifuging may produce more uniform density because each particle of material
supplies a force of its own.
1.3.2.3.

Sintering

The term sintering is used to identify the mechanism by which solid particles are bonded by
application of pressure or heat, or both. In its broadest sense, the process includes such
procedures as welding, brazing, soldering, firing of ceramics, and union of plastic flakes or
granules. Each of the procedures other than those involving metal in powder form are important
enough and of such wide usage as to have developed their own language and technology.
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Sintering can be accomplished at room temperature with pressure alone but it is most often
performed at elevated temperature, either at the same time or after pressure has been applied.
The two most common sintering procedures are: (1) application of heat and pressure together,
called hot pressing; and (2) application of heat after the particles have been closely packed, by
cold pressing. In hot pressing, the plasticity of the particles is greater, and they re-crystallize
more readily and thus permit high densities to be achieved with lower pressures than would be
necessary at lower temperatures. Cold-pressed parts that are subsequently sintered may be
heated in conventional manner by being placed in ordinary furnaces or salt baths.
1.3.2.4.

Deformation

Because of variations of density and other factors, shrinkage of powder metallurgy products
during sintering is difficult to control. Parts that require close tolerances must nearly always be
finished by some dimensional treatment. Cold working may be used for minor changes of
dimensions, but this procedure is limited by the lack of ductility common to powder metallurgy
products. Repressing, sometimes referred to as coining, improves the density, strength, and
ductility of the material. Even with this process, it is seldom that these properties are equal to
those of a similar material produced by fusion. Most commercial deformation working is done
by hot working or by cold working with frequent interruptions for re-crystallization.
1.3.2.5.

Heat treatment

Powder metallurgy products may be heat treated in the same ways as other materials of similar
chemical composition, but the treatments are usually not as effective as for the fusion produced
metals, mainly because of the porous structure restricting the heat conductivity. Many of the
voids within powder metallurgy products are stress concentration points that not only limit
service loads but also increase the stresses arising from thermal gradients during heat treatment.
The treatments include re-sintering for stabilization and homogeneity, annealing for softness,
grain refinement for improved ductility, and hardening for improved wear resistance.
1.3.2.6.

Machining

The machinability of sintered materials is usually poor, but machining is sometimes necessary
to provide final control of dimensions or to establish shapes that are not practical for the powder
metallurgy process. With some types of products, such as the cemented carbides, grinding is
the common finishing process both to control size and shape and, in many cases, to eliminate
the surface produced in the sintering process.
1.3.2.7.

Impregnation

One important finishing step is that of impregnation. Inorganic materials, such as oils or waxes,
may be impregnated into porous metal products for purposes of lubrication. An entirely
different kind of product can be produced by impregnating high melting temperature metals
with low melting temperature metals. The principal use of this technique is in the production of
cemented steels.
1.3.2.8.

Applications of powdered metal products

Powder metallurgy occupies two rather distinct areas. It is a basic shape-producing method for
practically all metals, in direct competition with other methods. In addition, for many refractory
materials, both metals and non-metals, powder metallurgy is the only practical means of shape
production. Tungsten is typical of the refractory metals; it has a melting point of 3400oC, and
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no satisfactory mould or crucible materials exist for using conventional casting techniques at
this temperature. Tantalum and molybdenum are similar.
Cemented carbides form one of the most important groups of materials that can be fabricated
into solid shapes by powder metallurgy only. The biggest use is for cutting tools and cutting
tool tips or inserts, but the cemented carbides are also used for small dies and some applications
where wear resistance is important. The principal material used is tungsten carbide, although
titanium carbide and tantalum carbide are also used. Some very useful production cutting tools
are manufactured by using strong, tough materials as a core and impregnating the surface with
titanium carbide or another hard, wear resistant material.
A further area in which powder metallurgy produces products not practical by other means is
the manufacture of materials with controlled low density. One of the first mass-produced
powder metallurgy products was sintered porous bronze bearings. After cold pressing,
sintering, and sizing, the bearings are impregnated with oil, which in service is made available
for lubrication. Although not true fluid film bearings, they provide long service with low
maintenance. Porous materials are also useful as filters.
Composite electrical materials form a group similar to the cemented carbides. Tungsten and
other refractory metals in combination with silver, nickel, graphite, or copper find wide
applications as electrical contacts and commutator brushes; powder metallurgy not only
provides a means for producing the combination but it also provides the finished shape for the
parts. Many of the currently used permanent magnetic materials are as well produced by powder
metallurgy.
1.3.3.

Welding Processes

Welding can be defined as the metallurgical method of joining, applied to the general problem
of construction and fabrication. It consists of joining two pieces of metal by establishing a
metallurgical atom-to-atom bond, as distinguished from a joint held together by friction or
mechanical interlocking. This metallurgical atom-to-atom bond is achieved by the application
of heat and sometimes pressure.
Many welding processes require the application of heat or pressure, or both, to produce a
suitable bond between the parts being joined. The physics of welding deals with the complex
physical phenomena associated with welding, including heat, electricity, magnetism, light, and
sound. In making a joint two parts of the same chemical composition may be welded together
using no added metal to accomplish the joint. This might be termed as autogenous welding. A
metal which is of the same composition as the parts being joined may be added, in which event,
the process would come under the general heading homogenous' welding. Finally, an alloy quite
different from that of which the parts are made may be used or alternatively the parts themselves
may differ significantly in composition. Then this process is called heterogeneous welding.
Almost every imaginable high energy density heat source has been used at one time or another
in welding. Externally applied heat sources of importance include arcs, electron beams, light
beams (lasers), exothermic reactions (oxyfuel gas and thermit), and electrical resistance.
Welding processes that acquire heat from external sources are usually identified with the type
of heat source employed. The welding processes which are commonly used for the welding of
metals are described and their features are discussed in the following sections.
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1.3.3.1.

Weld design and positions

The loads in a welded structure are transferred from one member to another through welds
placed in the joints. The types of joints used in welded construction and the applicable welds
are shown in Fig. 1.27. All welds that are encountered in actual construction, except groove
welds in pipe, are classified as being flat, horizontal, vertical, or overhead. Groove welds in
pipe are classified as horizontal rolled, horizontal fixed, vertical, or inclined fixed. These
positions are illustrated in Figs. 1.28 and 1.29 and explained below:
Flat position (1G). The test plates are placed in an approximately horizontal plane and the weld
metal deposited from the upper side Fig. 1.28 (A).
Horizontal position (2G). The test plates are placed in an approximately vertical plane with the
welding groove approximately horizontal Fig. 1.28 (B).

FIG.1.27. Types of welding joints: (a) square butt, (b) single-v butt, (c) double-v butt, (d)single-u butt, (e) double-u butt, (f)
square-t, (g) single-bevel t, (h) double-bevel t, (i)single-u t, (j) double-u t, (k) single-bead lap, (I) double-bead lap.

Vertical position (3G). The test plates are placed in an approximately vertical plane with the
welding groove approximately vertical Fig. 1.28 (C).
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Overhead position (4G). The test plates are placed in an approximately horizontal plane and the
weld metal deposited from the underside Fig. 1.28 (D).
Horizontal rolled (1G). The pipe is placed with its axis in an approximately horizontal plane
with the welding groove in an approximately vertical plane and the pipe is rolled during welding
Fig. 1.28 (A).
Vertical (2G). The pipe is placed with its axis in an approximately vertical position with the
welding groove in an approximately horizontal plane Fig. 1.28 (B).
Horizontal fixed (5G). The pipe is placed with its axis in an approximately horizontal plane
with the welding groove in an approximately vertical plane and the pipe is not to be rolled or
turned during welding Fig. 1.28 (E)
Inclined fixed (6G). The pipe is inclined fixed (45o±5o) and not rotating during welding Fig.
1.28 (F).
For fillet welds in plates, different positions are defined as below:

FIG.1.28. Positions of plates and pipes for groove weld.

Flat position (1F). The test plates are so placed that each fillet weld is deposited with its axis
approximately horizontal and its throat approximately vertical Fig. 1.29 (A).
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Horizontal position (2F). The test plates are so placed that each fillet weld is deposited on the
upper side of the horizontal surface and against the vertical surface Fig. 1.29 (B).
Vertical position (3F). Each fillet weld is made vertically Fig. 1.29 (C).
Overhead position (4F). Plates are placed such that each fillet weld is deposited on the underside
of the horizontal surface and against the vertical surface (Fig. 1.29 (D).

FIG. 1.29. Positions of plates for fillet welds.

1.3.3.2.

Shielded metal arc welding (SMAW)

Shielded metal arc welding is an early arc welding process. It is one of the simple and versatile
processes for welding ferrous and several non-ferrous base metals. Basically, it is a manual
welding process in which the heat for welding is generated by an arc established between a flux
covered consumable electrode and the work. The electrode tip, welded puddle, arc and adjacent
areas of the work piece are protected from atmospheric contamination by a gaseous shield
obtained from the combustion and decomposition of the flux covering. The process is illustrated
in Fig. 1.30.
Covered electrodes are produced in a variety of diameters normally ranging from 2 mm to 8
mm. The smaller diameters are used with low currents for joining thin sections and for welding
in all positions. The large diameters are designed for conducting high currents to achieve greater
deposition rates in the flat and horizontal positions. Special alloy filler metal compositions can
be formulated with relative ease by the use of metal powders in the electrode coating.
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FIG. 1.30. Shielded metal arc welding process.

The SMAW process has several advantages. Using the process, job shops can handle many
welding applications with a relatively small variety of electrodes. Other advantages are the
simplicity and lightness of the equipment, and it’s relatively low cost. Also, welds can be made
in confined locations or remote from heavy power supplies.
1.3.3.3.

Submerged arc welding (SAW)

In submerged arc welding the arc and molten metal are shielded by an envelope of molten flux
and a layer of unfused granular flux particles as shown in Fig. 1.31. When the arc is struck, the
tip of the continuously fed electrode is submerged in the flux and the arc is therefore not visible.
The weld is made without the intense radiation that characterizes an open arc process and with
little fumes. The SAW process is used in both mechanized and semiautomatic operations,
although the former is by far more common. High welding currents can be employed to produce
high metal deposition rates at substantial cost savings. Welds can only be made in the flat and
horizontal positions.
The process is most widely employed for welding all grades of carbon, low alloy, and alloy
steels. Stainless steel and some nickel alloys are also effectively welded or used as surfacing
filler metals with the process. Various filler metal-flux combinations may be selected to provide
specific weld metal properties for the intended service. The flux may contain ingredients that
when melted react to contribute alloying additions to the weld metal.

FIG. 1.31. Submerged arc welding Process.

1.3.3.4.
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Gas metal arc and flux cored arc welding (GMAW and FCAW)

Gas metal arc welding (GMAW/ or MIG/MAG) and flux cored arc welding (FCAW) are two
distinct processes, but they have many similarities in application and equipment. Both processes
use a continuous solid wire or tubular electrode to provide filler metal, and both use gas to
shield the arc and weld metal. In GMAW, the electrode is solid, and all of the shielding gas is
(argon, helium, CO2 or mixtures of these gases) supplied by an external source, as shown in
Fig. 1.32.
The original gas metal arc process consisted of a continuous operation requiring high current
densities to achieve a smooth transfer of molten metal.

FIG. 1.32. Gas metal arc welding Process.

The process permits welding with minimal spatter, uniform penetration, and good out-of
position capability. With FCAW, the electrode is tubular and contains core ingredients that may
supply some or all of the shielding gas needed. This process may also use auxiliary gas
shielding, depending on the type of electrode employed, the material being welded, and the
nature of the welding involved. FCAW is illustrated in Fig. 1.33.

FIG. 1.33. Flux cored arc welding.
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Flux cored arc welding uses cored electrodes instead of solid electrodes for joining ferrous
metals. The flux core may contain minerals, ferroalloys, and materials that provide shielding
gases, deoxidizers, and slag forming materials. The additions to the core promote arc stability,
enhance weld metal mechanical properties, and improve weld contour. Many cored electrodes
are designed to be used with additional external shielding. Carbon dioxide-rich gases are the
most common. Weld metal can be deposited at higher rates, and the welds can be larger and
better contoured than those made with solid electrodes, regardless of the shielding gas.

1.3.3.5.

Gas tungsten arc welding (GTAW)

Gas tungsten arc welding uses a non-consumable tungsten electrode which must be shielded
with an inert gas. The arc is initiated between the tip of the electrode and work to melt the metal
being welded, as well as the filler metal, when used. A gas shield protects the electrode and the
molten weld pool, and provides the required arc characteristics. This process is illustrated in
Fig. 1.34 and is also sometimes called TIG welding. Several types of tungsten electrodes are
used with this process. Thoriated and zirconiated electrodes have better electron emission
characteristics than pure tungsten, making them more suitable for dc operations.

FIG. 1.34. Gas Tungsten arc welding.

Thorium (Th) is radioactive with a long half-life and emits mainly alpha (a) particles. Thorium
oxide (thoria) is, therefore, a low level radioactive material which may give rise to both a small
external radiation hazard and an internal hazard from ingestion or inhalation by those
handling/overseeing the process. There is almost no release of radioactive material during
arcing. However, to achieve maximum arc stability, the electrode tip is ground to a conical point
before use. During the grinding process, particles of tungsten with thoria on the surface may be
produced. The dust particles that create the hazard. They may be inhaled, and the thoria may
release alpha particles. However, the risk of cancer in TIG welders due to thoria exposure is
very low, since the exposure times to individuals are invariably small. It is recommended that
thoriated electrodes are stored in steel boxes, clearly labeled with the radiation trefoil. When
stored in closed boxes, there is no significant hazard in handling and storage. Small numbers (1
day's supply) of electrodes can be handled by welders safely without any special precautions.
Generally there are no regulatory restrictions on disposal of used thoriated electrodes by
conventional means.
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1.3.3.6.

Electro-slag welding (ESW)

Electroslag welding is a specialized adaptation of submerged arc welding and it is used for
joining thick materials in the vertical position. This process is illustrated in Fig. 1.35. Strictly
speaking it is not an arc welding process at all, because it actually depends on the electrical
receptivity of a molten flux bath to produce the heat necessary to melt the filler and base metal.
The process is, however, initiated by an arc, which heats a layer of granular welding flux
contained within water cooled moulding shoes or dams and the edges of the joint, thus turning
it to a bath of molten slag. The arc is then extinguished, and the conductive slag maintained in
a molten condition by its resistance to the electric current passing through from a consumable
electrode to the work. The principal application of electroslag welding is welding of thick steel
plate heavy forgings and large steel castings in the fabrication of machine bases and in the
structural steel industry. Its main features are: (i) extremely high metal deposition rates, (ii)
ability to weld very thick materials in one pass, (iii) minimal joint preparation and fit-up
requirements, (iv) little or no distortion and (v) low flux consumption.

FIG. 1.35. Electroslag welding process.

1.3.3.7.

Stud arc welding (SAW)

In stud welding, basically an arc welding process, the welding arc is generated between a metal
stud or similar part and the part to which it is ultimately fused by the welding heat so generated
(Fig. 1.36). In a way it is also a variation of the shielded metal arc process, the stud representing
the electrode. But only the end of the electrode is melted and it becomes a permanent part of
the final assembly.

FIG. 1.36. Stud welding sequence.

In operation, the stud is retained in a hand held or bench mounted gun and is positioned over
the spot where it is to be attached. Upon initiation, current flows through the stud, which, at the
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same time, is lifted slightly, creating an arc. After a very short arcing period, the stud is plunged
into the molten pool created on the base plate, and the gun is withdrawn. Typical applications
of stud welding include securing special lining in tanks, studding boiler tubes, assembling
electrical panels, securing water, hydraulic, and electrical lines to buildings, vehicles and large
appliances, and securing feet and handles to large appliances.
1.3.3.8.

Plasma arc welding (PAW)

The plasma arc welding process provides a very stable heat source for welding most metals
from 0.02 to 6 mm. This process has advantages over other open arc welding processes, such
as SMAW, GMAW, and GTAW, because it has greater energy concentration, improved arc
stability, higher heat content, and higher welding speeds. As a result, PAW has greater
penetration capabilities than SMAW, GMAW, and GTAW.
The basic elements of the plasma arc torch, illustrated in Fig. 1.37, are the tungsten electrode
and the orifice. A small flow of argon is supplied through the orifice to form the arc plasma.
Shielding of the arc and weld zone is provided by gas flowing through an encircling outer nozzle
assembly. The shielding gas can be argon, helium, or mixtures of argon with either hydrogen
or helium. The plasma is initiated by an internal low current pilot arc between the electrode and
the orifice. The pilot arc ionizes the orifice gas to ignite the primary arc between the electrode
and the base metal. The arc plasma is constricted in size by the orifice around the electrode, and
is called a transferred arc. If filler metal is used, it is fed into the arc as in the GTAW process.

FIG. 1.37. Plasma arc welding.

1.3.3.9.

Resistance welding (RW)

Resistance welding incorporates a group of processes in which the heat for welding is generated
by the resistance to the flow of electrical current through the parts being joined. It is most
commonly used to weld two overlapping sheets or plates which may have different thicknesses.
A pair of electrodes conducts electrical current to the joint. Resistance to the flow of current
heats the facing surfaces, forming a weld. These electrodes clamp the sheets under pressure to
provide good electrical contact and to contain the molten metal in the joint. The joint surfaces
must be clean to obtain consistent electrical contact resistance to obtain uniform weld size and
soundness. The main process variables are welding current, welding time, electrode force, and
electrode material and design. High welding currents are required to resistance heat and melt
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the base metal in a very short time. The time to make a single resistance heat and melt the base
metal is very short usually less than one second.
There are four major resistance welding processes, namely, spot welding (RSW), projection
welding (RPW), flash welding (RFW), and seam welding (RSEW). These processes are
illustrated in Fig. 1.38. In RSW, the welding current is concentrated at the point of joining using
cylindrical electrodes. Spot welds are usually made one at a time. In RPW, a projection or
dimple is formed in one part prior to welding. The projection concentrates the current at the
facing surfaces. Large, flat electrodes are used on both sides of the components to produce
several welds simultaneously. As an example, a stamped bracket may have three or four
projections formed in it so that it can be welded to a sheet with one welding cycle. In seam
welding, electrodes in the form of rolls are used to transmit pressure and to send current through
the overlapping sheet being moved between them. Flash welding is usually an automatic
process. Parts are clamped in place by a welding operator who simply presses a button to start
the welding sequence. The usual flash weld joins rods or bars end to end or edge to edge. The
flashing action is continued until a molten layer forms on both surfaces. Then the components
are forced together rapidly to squeeze out the molten metal. This produces a hot worked joint
free of weld metal. The mechanical properties of flash welds are often superior to other types
of welds.

FIG. 1.38. Basic resistance welding.

1.3.3.10. Oxyfuel gas welding (OFW)
Oxyfuel gas welding includes a group of welding processes that use the heat produced by a gas
flame or flames for melting the base metal and, if used, the filler metal. Oxyfuel gas welding is
an inclusive term used to describe any welding process that uses a fuel gas combined with
oxygen to produce a flame having sufficient energy to melt the base metal. The fuel gas and
oxygen are mixed in the proper proportions in a chamber which is generally a part of the
welding torch assembly. The torch is designed to give the welder complete control of the
welding flame to melt the base metal and the filler metal in the joint. This process is illustrated
in Fig. 1.39.
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FIG. 1.39. Oxyfuel gas welding process.

Oxyfuel gas welding is normally done with acetylene fuel gas. Other fuel gases, such as methyl
acetylene propadience and hydrogen, are sometimes used for oxyfuel gas welding of low
melting metals. The welding flame must provide high localized energy to produce and sustain
a molten weld pool. With proper adjustment, the flames can also supply a protective reducing
atmosphere over the molten weld pool. Oxyfuel gas welding can be used for joining thick plates,
but welding is slow and high heat input is required. Welding speed is adequate to produce
economical welds in sheet metal and thin-wall and small diameter piping. Thus, OFW is best
applied on material of approximately 6 mm maximum thickness.
1.3.3.11. Electron beam and laser welding
Electron beams and laser welding are methods that are generally utilized for precision
assemblies requiring high-quality welds. The procedure is conducted by focusing an electron
beam or laser beam on the joint interface and causing melting and fusion of the metal. Beam
welds require that the mating of the components to be welded be fitted closely since there is no
filler metal. The weld joint is created by the fusion of the material penetrated by the beam;
therefore, the mating surface should be geometrically prepared so that they are in intimate
contact over the entire joint surface. Electron beam welds are usually made in a vacuum while
laser welding is conducted using an inert gas surrounding the laser beam. At the present time,
electron beam has the capability for welding thicker specimens (up to 200 mm in steel), but is
limited by the size of the vacuum chamber.
The devices use an intense beam of electrons to heat and melt the base metals to be welded and
any filler metal. The heat comes from the absorption of the electrons in the metal. Since
electrons can be stopped by all matter, including air, the welding process is almost always
conducted in a vacuum chamber. X rays are generated when the accelerated electrons strike a
material. The maximum energy of the X rays produced will be determined by the voltage used
to accelerate the electrons and the metals involved. Assuming 1.5~2 cm thick steel chamber
walls, the calculated exposure rate outside the device would be from 0.1 to 1mR/hr. Actual
measurements made around e-beam welders do not usually exceed 0.05 to 0.1mR/hr at the
surface of the chamber.
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1.3.3.12. Friction welding (FW)
In friction welding, the heat for coalescence is produced by direct conversion of mechanical
energy to thermal energy at the joint interface. The mechanical energy is generated by the
sliding action between rotating or rubbing surfaces. The basic process involves holding a nonrotating work piece in contact with a rotating work piece under constant or gradually increasing
pressure until the interface reaches welding temperature. The rotation is then stopped. It is a
solid state process in which coalescence occurs at a temperature below the melting point of the
metals being joined. Many ferrous and non-ferrous alloys can be friction welded, and the
method can be used to join metals of widely differing thermal and mechanical properties.
1.3.3.13. Ultrasonic welding (USW)
Ultrasonic welding is a form of friction welding that has long been used to join plastics.
Recently, such high frequency vibration has been successfully applied to the welding of metals,
mostly non-ferrous metals.
It is known as a cold bonding process, because atomic combination and diffusion occurs while
materials are in a semisolid or solid state. Although some heating occurs, welding depends more
on the cleaning action of the process than on material heating.
In practice the parts to be welded are clamped under pressure between an anvil and a tip
connected to a horn that vibrates at a high frequency. The welding tip and anvil may be
contoured to the shape of the parts. The part in direct contact with the tip is rubbed at a high
frequency against the stationary part. This vibratory action first erodes oxides and other
contaminants on the interface surfaces. Once they are clean the surfaces come into intimate
contact, and solid state bonding takes place.
Ultrasonic welding is best suited for joining small parts, sheet and foil. The process is fast,
requires no consumables, and, because of its low heat, the result of the processing eliminates
the need for further cleaning. In some instances, even coated, painted and badly rusted surfaces
can be effectively joined without surface preparation.
1.3.3.14. Brazing process
Brazing is a metal joining process where the base metal is heated to a temperature of about
425oC. Non-ferrous filler metals, such as brass or silver alloys, are melted by the heat of the
base metal and flow by capillary attraction between the closely fitted surfaces of the joint. Heat
for brazing is usually applied by flame torches, furnaces, electric induction, electric resistance
or dropping the work into a hot salt bath. Filler and flux are either applied manually or are
replaced in the form of powder, metallic rings or strips.
1.3.4.

Weld defects and discontinuities

During the process of welding, discontinuities of various types may occur. These may be
classified under the headings of procedure and process, design, and metallurgical behaviour.
The groups should be applied loosely because discontinuities listed in each group may have
secondary origins in other groups. Discontinuities related to process, procedure, and design are
for the most part, those that alter stresses in a weld or heat-affected zone. Metallurgical
discontinuities may also alter the local stress distribution, and in addition, may affect the
mechanical or chemical (corrosion resistance) properties of the weld and heat-affected zone.
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1.3.4.1.

Porosity

Molten weld metal has a considerable capacity for dissolving gases which come into contact
with it, such as hydrogen, oxygen and nitrogen. As the metal cools its ability to retain the gases
diminishes. For instance, in steel the oxygen reacts with the carbon to form carbon monoxide,
which is given off as a gas. With the change from the liquid to the solid state, there is reduced
solubility with falling temperature. This causes an additional volume of gas to be evolved at a
time when the metal is becoming mushy and therefore incapable of permitting the gas to escape
freely. Entrapment of the gas causes gas pockets and porosity in the final weld. The type of
porosity within a weld is usually designated by the amount and distribution of the pores.
1.3.4.2.

Pipe or wormholes

Some gas inclusions have an elongated form known as pipes or wormholes. They are usually
almost perpendicular to the weld surface. They can result from the use of wet powdered flux or
from inadequate welding current. Another typical form of pipe has appearance of a branch of a
tree Fig. 1.41. These can be caused by use of wet welding electrodes. The common causes of
porosity, and suggested methods of preventing it, are summarized in Table 1.III.

FIG. 1.40 Three types of weld porosity (a) Uniformly scattered porosity,
(b) Clustered porosity (c) linear porosity.

FIG. 1.41. Piping in weld

1.3.4.3.
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Non-metallic inclusions

Non-metallic inclusions may be the result of weld-metal contamination by substances on the
surface of the joint or by the atmosphere. But the usual source is the slag formed by the electrode
covering or flux used in the welding process. Some slag may be trapped in the deposited metal
during its solidification, particularly if the metal fails to remain molten for a sufficient period
to permit the slag to rise to its surface. In multi-pass welding, insufficient cleaning between
weld passes can leave a portion of the slag coating in place to be covered by subsequent passes.
A particular characteristic of slag inclusions is the slag line, intermittent or continuous. Such
slag lines are often accompanied by a pronounced lack of fusion to the base metal. In general
inclusions may be due to any one of several reasons which include failure to clean the surface
of the joint, failure to remove slag from a previous deposit, incorrect edge preparation, incorrect
manipulation of the electrode and insufficient arc shielding. The common causes and remedies
of inclusion-type discontinuities are illustrated in Table 1.IV.
1.3.4.4.

Tungsten inclusions

Tungsten inclusions are particles of metallic tungsten embedded in the weld metal which
originate from the tungsten electrode used in tungsten arc welding. Causes are excessive
welding current allowing the melting and deposition of tungsten in the weld and incorrect
polarity of electrode using a D.C. source. Tungsten inclusions can also be caused from dipping
the electrode into the molten weld metal or by touching the filler rod to the electrode during
welding. Tungsten inclusions frequently occur at the start of welds when the electrode may be
cold. Small globular and widely scattered tungsten inclusions are sometimes permissible, but
sharp edged inclusions are dangerous.
TABLE 1.III. COMMON CAUSES AND REMEDIES OF POROSITY

Causes

Remedies

Excessive hydrogen, nitrogen,
or oxygen in welding
atmosphere
High solidification rate

Use low-hydrogen welding process, filler
metals high in deoxidizers; increase
shielding gas flow
Use preheat or increase heat input

Dirty base metal

Clean joint faces and adjacent surfaces

Dirty filler wire

Use specially cleaned and packaged filler
wire, and store it in clean area

Improper arc length, welding
current, or electrode
manipulation
Volatilization of zinc from
brass
Galvanized steel

Change welding conditions and techniques

Excessive moisture in
electrode covering or on joint
surfaces
High sulphur base metal

Use copper-silicon filler metal; reduce heat
input
Use E6010 electrodes and manipulate the
arc heat to volatilize the zinc ahead of the
molten weld pool
Use recommended procedures for baking
and storing electrodes. Preheat the base
metal
Use electrodes with basic slagging
reactions
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TABLE 1.IV. COMMON CAUSES AND REMEDIES OF SLAG INCLUSIONS

1.3.4.5.

Causes

Remedies

Failure to remove slag
Entrapment of refractory
oxides
Improper joint design

Clean the surface and previous weld
bead
Power wire brush the previous weld
bead
Increase groove angle of joint

Oxide inclusions

Provide proper gas shielding

Slag flooding ahead of the
welding
Poor electrode manipulative
technique
Entrapped pieces of electrode
covering

Reposition work to prevent loss of slag
control
Change electrode or flux to improve
slag control

Use undamaged electrodes

Lack of fusion

Lack of fusion is due to the lack of union in a weld between the weld metal and parent metal or
between parent metal and parent metal or between weld metal and weld metal. Consequently
the lack of fusion can be of three types namely lack of side fusion, lack of root fusion and lack
of inter-run fusion. The defect results mainly from the presence of slag, oxides, scale, or other
non-metallic substances, too low a welding current or incorrect edge preparation. Incomplete
fusion can also arise from too high a welding current when the high melt rate encourages the
welder to use excessive welding speed. The defect reduces considerably the strength of a joint
subjected to static loading, and under cyclic or shock loading it is quite serious. The causes and
remedies for incomplete fusion are summarized in Table 1.V.
TABLE 1.V. COMMON CAUSES AND REMEDIES OF INCOMPLETE FUSION

1.3.4.6.

Causes
Insufficient heat input, wrong type
or size of electrode, improper joint
design, or inadequate gas shielding

Remedies
Follow correct welding
procedure specification

Incorrect electrode position

Maintain proper electrode position

Weld metal running ahead of the arc

Reposition work, lower current, or
increase weld travel speed

Trapped oxides or slag on weld
groove or weld face

Clean weld surface prior to welding

Incomplete root penetration

In butt welding, a root opening is usually left at the bottom of the groove (in one-side welding)
or at the centre of the weld (in two-side welding). If the opening between the two plates is
narrow, it is difficult to achieve complete penetration and fusion at the root of the weld.
Therefore there can be a lack of fusion in the root of the weld or a gap left by the failure of the
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weld metal to fill the root of a butt weld Fig. 1.42. It is caused by the electrode held at an
incorrect angle, an electrode too large in diameter, a rate of travel too fast, an insufficient
welding current, or an improper joint preparation (e.g. joint misalignment).

FIG. 1.42. Incomplete root penetration.

1.3.4.7.

Cracks

Cracks are linear ruptures of metal under stress. Although sometimes wide, they are often very
narrow separations in the weld or adjacent base metal.
Cracks can occur in a wide variety of shapes and types and can be located in numerous positions
in and around a welded joint Fig. 1.43.
Cracks associated with welding may be categorized according to whether they originate in the
weld itself or in the base metal. Four types commonly occur in the weld metal, i.e. transverse,
longitudinal, crater and hat cracks. Base-metal cracks can be divided into seven categories,
namely, transverse cracks, lamellar tearing, delaminations and fusion-line cracks.
Transverse cracks
In the weld metal, transverse cracks are formed when the predominant contraction stresses are
in the direction of the weld axis (No. 2 in Fig. 1.43). They can be hot cracks, which separate
inter-granularly as a result of hot shortness or localized planar shrinkage, or they can be
transgranular separations produced by stresses exceeding the strength of the material.
Transverse cracks lie in a plane normal to the axis of the weld and are usually open to the
surface. They usually extend across the entire face of the weld and sometimes propagate into
the base metal.
Transverse cracks in base metal (No. 3 in Fig. 1.43) occur on the surface in or near the heataffected zone. They are the result of the high residual stresses induced by thermal cycling during
welding. High hardness, excessive restraint, and the presence of hydrogen promote their
formation. Such cracks propagate into the weld metal or beyond the heat affected zone into the
base metal.
Underbead cracks
Underbead cracks are similar to transverse cracks in that they form in the heat-affected zone
because of high hardness, excessive restraint, and the presence of hydrogen. Their orientation
follows the contour of the heat-affected zone (No. 6 in Fig. 1.43).
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FIG. 1.43. Different types of cracks located in and around a welded.

Longitudinal cracks
These cracks may exist in three forms, depending on their position in the weld (No. 4 in Fig.
1.43). Check cracks are open to the surface and extend only partway through the weld. Root
cracks extend from the root to some point within the weld. Full centreline cracks may extend
from the root to the face of the weld metal. Check cracks are caused either by high contraction
stresses in the final passes applied to a weld joint or by a hot-cracking mechanism.
Root cracks are the most common form of longitudinal weld-metal cracks because of the
relatively small thickness and size of the root pass. If such cracks are not removed, they can
propagate through the weld as subsequent passes are applied. This is the usual mechanism by
which full centreline cracks are formed.
Centreline cracks may occur at either high or low temperatures. At low temperatures, cracking
generally is the result of poor fit-up, overly rigid fit-up, or a small ratio of weld metal to base
metal.
All three types of longitudinal cracks usually are oriented perpendicular to the weld face and
run along the plane that bisects the welded joint. Seldom are they open at the edge of the joint
face, because this requires a fillet weld with an extremely convex bead.
Crater cracks
As the name implies, crater cracks occur in the weld crater formed at the end of a welding pass
(No. 1 in Fig. 1.43). Generally, this type of crack is caused by failure to fill the crater before
breaking the arc. When this happens, the outer edges of the crater cool rapidly, producing
stresses sufficient to crack the interior of the crater. This type of crack may be oriented
longitudinally or transversely, or may occur as a number of intersecting cracks forming the
shape of a star. Longitudinal crater cracks can propagate along axis of the weld to form a
centreline crack. In addition, such cracks may propagate upward through the weld if they are
not removed before subsequent passes are applied.
Hat cracks
These cracks derive their name from the shape of the weld cross section with which they are
usually associated. This type of weld flares out near the weld face, resembling an inverted top
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hat (No. 9 in Fig. 1.43). Hat cracks are the result of using excessive voltage or too low a welding
speed. The cracks are located about halfway up through the weld and extend into the weld metal
from the fusion line of the joint.
Toe and root cracks
These cracks occur in the root area of the weld or near the boundary between the weld metal
and the parent metal (Nos 5 and 8 in Fig .1.43).
1.3.4.8.

Undercut

During the final or cover pass the exposed upper edges of the bevelled weld preparation tend to
melt and to run down into the deposited metal in the weld groove. The result is a groove which
may be either intermittent or continuous, with more or less sharp edges along the weld
reinforcement Fig.1.44.

FIG. 1.44. Undercut.

1.3.4.9.

Concavity at the root of the weld

A concave surface at the root of the weld can occur specially in pipe welding (without a cover
pass on the root side). Root concavity is commonly produced by the flux cored arc welding
(FCAW) process. In overhead welding this condition is a consequence of gravity which causes
the molten metal to sag away from the inaccessible upper surface of the weld. It can also occur
in down hand welding with a backing strip at the root of the weld groove if slag is trapped
between the molten metal and the backing strip Fig. 1.45.

FIG. 1.45. Root concavity.

TABLE 1.VI. COMMON CAUSES AND REMEDIES OF CRACKING

Causes

Remedies

Highly rigid joint

Preheat; relieve residual stresses mechanically; minimize
shrinkage stresses using backstep or block welding sequence

Excessive dilution

Change welding current and travel speed; weld with covered
electrode negative, butter the joint faces prior to welding

Defective electrodes
Poor fit-up

Change to new electrode; bake electrodes to remove moisture
Reduce root opening; build up the edges with weld metal

Small weld bead

Increase electrode size; raise welding current; reduce travel speed

High sulphur base metal

Use filler metal low in sulphur

Angular distortion

Change to balanced welding on both sides of joint
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Crater cracking

Fill crater before extinguishing the arc; use a welding current
decay device when terminating the weld bead

Hydrogen in welding
atmosphere

welding or post-weld heat treat immediately

Hot cracking
Low ductility

Use low heat input; deposit thin layers; change base metal
Use preheat; anneal the base metal

High residual stresses
High hardenability

Redesign the weldment; change welding sequence
Apply intermediate stress-relief heat treatment temperature

Brittle phases in the
microstructure

Solution heat treat prior to welding

1.3.4.10. Excessive penetration
In welds molten metal sometimes runs through the root of the weld groove producing an
excessive reinforcement at the back side of the weld. In general this is not continuous but has
an irregular shape with characteristic hanging drops of excess metal Fig. 1.46.

FIG. 1.46. Excessive penetration.

1.3.4.11. Overlap
Overlap is an imperfection at the toe or root of a weld caused by an overflow of weld metal
onto the surface of the parent metal, without fusing with the latter Fig. 1.47. It is caused when
the welding rod has been used at an incorrect angle, the electrode has travelled too slowly, or
the current was too low.

FIG. 1.47. Overlap.

1.3.4.12. Lamellar tearing
This is a phenomenon that occurs in T-joints where the web plate is welded on both sides with
usually full penetration welds. The stresses developed by this configuration result in a
separation that takes place in the base metal between the roots of the two welds extending in a
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plane parallel to the surface of the base metal. Such a discontinuity is often associated with
laminations or other planes of weakness in the metal. It is characterized by a step-like tear and
caused by the shrinkage of the weld bead stressing the base metal through its thickness. These
results initially in de-cohesion of non-metallic inclusions and then ductile tearing at about 45o
between adjacent non-metallic inclusions to produce the step-like tears. Lamellar tearing can
occur outside the heat affected zone 5-10 mm below the fusion face Fig. 1.48.

FIG. 1.48. Lamellar tearing.

1.3.4.13. Burn through
A burn through area is that portion of the weld bead where excessive penetration has caused
the weld pool to be blown into the pipe or vessel. It is caused by the factors, such as high current,
slow rod speed, incorrect rod manipulation, etc., that produce excessive heat in one area. It is
often accompanied by excessive drop through of the metal on the inside of the pipe. Fig. 1.49.

FIG. 1.49. Burn through.

1.3.4.14. Root pass oxidation
Oxidation is the result of insufficient protection of the weld and heat affected zone from the
atmosphere. Severe oxidation will occur on stainless steels, for example, reducing corrosion
resistance, if the joint is not purged with an inert gas.

1.3.5.

Forging processes
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FIG. 1.50. Vertical forging press.

Forging is the working of metal into a useful shape by hammering or pressing and is the oldest
of the metal forming processes. Most forging operations are carried out hot, although some
metals are cold-forged. The hot working of metals in the forging process results in an
improvement in the mechanical properties. This method of shaping is therefore used in the
manufacture of parts requiring good mechanical properties. Improvement in the mechanical
properties results from a general consolidation of the metal and closing of gas and contraction
cavities by means of mechanical pressure, a refinement of the crystal structure and a destruction
of the continuity of inter-granular concentrations of impurities and inclusions.
Forging is done on either a hammer or a press. A horizontal press (forging machine) is used in
certain instances for forging small parts; otherwise forging machines are vertical, the lower die
of which is fixed while the upper die is moveable, being carried on a vertical ram. In the case
of hammers the die is raised mechanically and the blow is struck by the die falling freely Fig.
1.50.
Forging may be considered in two categories. First, where the working surface of the dies is
flat or of uniform curved contour and shaping is done by manipulation using tools of simple
shape. This is called open-die forging. The second, is where impression dies are used and the
metal is shaped by being forced into the die impressions. This is called closed-die forging. In
the first category are forgings of simple, round or rectangular cross-section and forgings of
more complicated shapes which are so large that sinking of closed dies would be impractical or
too costly. Small forgings of complicated final shape may be rough forged on simple dies and
then machined to final form if the number required is too small to justify the cost of an
impression die. In this category also are hollow forged parts. For these, the centre metal of the
rough piece of proper size is either machined out cold (trepanned), or is punched out hot using
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suitable dies on a press. The part is then forged on a mandrel passing through the centre hole
and supported at both ends so that the mandrel acts as the bottom die. In closed die forging on
a hammer or vertical press the lower die has an impression corresponding to one half of the part
to be made while the upper die has an impression corresponding to the other half. For relatively
simple shapes the dies may have only one impression but more commonly they incorporate a
series of impressions in which the part is successively shaped to the final form. Closed die
forging is commonly known as 'drop forging'. Around the impressions the dies are shaped to
provide space for the excess stock, as it is not practical to have exactly the amount of metal
required to fill the impressions. The excess metal that is forced into this space is referred to as
flashing or flash. After forging this is trimmed off in suitable dies. The closed die forging
business Fig. 1.51 is so competitive that the losses in trim scrap provide one of the most
important areas for economy.
The hot forging process whereby bolts, for example, are headed is referred to as hot upset
forging or hot heading. In this process, a bar of uniform cross section is gripped between
grooved dies and pressure is applied on the end in the direction of the axis of the bar by means
of a heading tool. The metal flows under the applied pressure and fills the cavity between the
dies.
1.3.6.

Rolling processes

The flattening of metal between rollers is used for the production of strip, sheet, plate, bar and
sections. Since the metal is formed by a squeezing action, rolling can be considered as a
continuous forging process with the rolls acting as hammers and the metal being drawn down.
Rolling may be performed above the temperature of re-crystallization (hot rolling) or below the
temperature of re-crystallization (cold rolling). Hot rolling is always used for the initial rolling
of the cast ingot. Not only is it easier to break down the ingot to size quickly when it is hot and
plastic, but the hot-rolling process closes any casting discontinuities and forge welds their
surfaces together. This prevents any faults, which could lead to lamination, being carried
forward into subsequent rolling operations. In hot rolling the coarse grains are first elongated
and distorted and then formed into equi-axed crystals due to re-crystallization. The crystals
elongated and distorted by cold rolling do not re-crystallize and the metal therefore remains
work-hardened.

65

FIG. 1.51. Forging operations; (a, b) edding; (c) fullering; (d) drawing,
(e) swaging (f) back extruding; (g) punching.

FIG. 1.52. Typical arrangements of rolls for rolling mills; (a) Two-high pullover, two-high reversing,(c) three-high, (d) fourhigh, (e) cluster.

Rolling mills are described according to the arrangement of the rolls. The simplest is the twohigh reversing mill Fig. 1.52 (b). In this the metal is passed through from one side, the rolls are
then lowered and their direction of rotation is reversed, and the metal is passed back through
them. This cycle is repeated until the metal is of the required thickness. In the three-high mill
Fig. 1.52 (c) the rolls rotate continuously in one direction. The roller beds rise and fall to pass
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the metal between the lower two rolls first and then back again between the upper two rolls.
The cycle is repeated until the metal is of the required thickness. In the four-high mill Fig. 1.52
(d) and the cluster mill Fig. 1.52 (e) the additional rolls back-up' the working rolls and allow
them to apply greater pressure on the metal being rolled without deflection. Four-high and
cluster mills operate in the same manner as the two-high reversing mill, and are widely used
for cold rolling bright finished strip. Some typical rolling-mill processes are slabbing, cogging
and re-rolling. Slabbing is the process of breaking down the ingot into slabs ready for re-rolling
into strip, sheet and plate. The process is carried out at 1300°C and casting discontinuities in
the ingot are welded by the process thus making the slab homogeneous. Cogging is similar to
slabbing except that the ingot is rolled into 'blooms' ready for re-rolling into bars and sections.
Two-high and four-high reversing mills are usually used for rolling both slabs and blooms. The
re-rolling of slabs into strip is usually performed in a continuous strip mill. The slab is reheated
to 1300°C and passed through a water spray and scale-breaking rolls to remove the scale left
on the surface of the slab from previous processing. It is then roughed down, and finally passed
to the finishing train of rolls. The strip is finally coiled ready for further processing. The rerolling of sections and bars is usually performed in two-high reversing mills fitted with grooved
rolls. Some modern plants handling large quantities of standard section beams and joints are
often laid out to provide a continuous train Fig. 1.53.

FIG. 1.53. Schematic drawing of strip rolling on a four-stand continuous mill.

FIG. 1.54. Schematic drawing of a draw bench.

Whilst materials that are forged into wire and tube require the property of malleability, materials
that are drawn into wire and tube require the property of ductility, combined with a relatively
high tensile strength and a low work-hardening capacity as the process is performed cold. The
reduction in size of the drawn section is provided by the material being pulled through a die.
Rods and bars are drawn using draw-benches Fig. 1.54.
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Fine wire, especially the copper wire used for electrical conductors, is drawn on multiple die
machines. A capstan block pulls the wire through each die and passes it onto the next stage in
the machine. As the wire becomes finer its length increases and the speed of the last capstan
has to be very much higher than the first Fig. 1.55.

FIG. 1.55. Schematic wiredrawing equipment.

FIG. 1.56. Forging and rolling processes.
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Tube drawing is similar to rod drawing using a draw bench. However, the billet is pierced to
start the hole and the tube is drawn over a mandrel. Where longer lengths of tube are required,
the stock and the drawn tube have to be coiled. This prohibits the use of a fixed mandrel, and a
floating mandrel or plug is used.
1.3.7.

Forging and rolling defects

Discontinuities in forgings may originate in the slab or billet and be modified by the rolling and
forging of the material, or may result from the forging process itself. Some of the defects that
can occur in forgings are similar to those in castings since most forgings originate from some
form of cast ingot. Given below are some of the more specific defects.
1.3.7.1.

Laminations

Large porosity, pipe and non-metallic inclusions in slabs or billets are flattened and spread out
during the rolling and forging processes. These flattened discontinuities are known as
laminations Fig. 1.56.
1.3.7.2.

Seams

Surface irregularities, such as cracks, on the slab or billet are stretched out and lengthened
during rolling and are then called seams. Seams may also be caused by folding of the metal due
to improper rolling. Seams are surface discontinuities and on finished bars will appear as either
continuous or broken straight lines. On round bar stock they will appear as straight or slightly
spiral lines, either continuous or broken.
1.3.7.3.

Forging laps

Forging laps are the discontinuities caused by the folding of metal in a thin plate on the surface
of the forging. They are irregular in contour Fig. 1.56.
1.3.7.4.

Centre bursts

Ruptures that occur in the central region of a forging are called centre bursts. They can arise
because of an incorrect forging procedure (e.g. too low a temperature or too drastic a reduction)
or from the presence of segregation or brittle phase in the metal being forged Fig. 1.56.
1.3.7.5.

Clinks (thermal cracks)

Clinks are cracks due to stresses arising from excessively high temperature gradients within the
material. Cracks formed during too rapid cooling originate at the surface and extend into the
body of the forging; those formed during too rapid heating occur internally and can be opened
up to become diamond-shaped cavities, during subsequent forging.
1.3.7.6.

Hairline cracks (flakes)

Flakes are very fine internal cracks of circular shape that develop and extend with time and are
associated with the presence of hydrogen in steel. There is greater susceptibility in larger
forgings than in smaller and in certain grades of alloy steel than in carbon steel; they can be
avoided by correct treatment.
1.3.7.7.

Hot tears
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Surface defects due to metal being ruptured and pulled apart during forging. They may be
associated with the presence of local segregation, seams, or brittle phases.
1.3.7.8.

Stringers

Non-metallic inclusions in slabs or billets that are thinned and lengthened in the direction of
rolling by the rolling process are called stringers Fig. 1.62.
1.3.7.9.

Overheating

Normally identified by the facets seen on the fractured surfaces of a test-piece, but in extreme
cases can manifest itself as a severely broken-up surface.
1.3.7.10. Pipe
If there has been insufficient discard from the original ingot, remnant primary pipe will
normally show up axially. Secondary pipe that has never been exposed to the atmosphere will
be welded-up if there has been sufficient forging.
1.3.8.

Extrusion processes

Another process which is similar to rolling is extrusion. In principle, extrusion is similar to
squeezing toothpaste from a toothpaste tube. The raw material is a heated cast billet of the
required metal. Usually this is a copper alloy, an aluminium alloy or lead. The pressure
necessary to force the metal through the die is provided by the hydraulic ram. Since the billet
is reduced to the size of the finished section in one pass through the die, extrusion is a highly
productive process. However, the plant is extremely costly and so is its operation and
maintenance. Like most hot processes the finish and dimensional accuracy of the section is
lower than that associated with cold drawing. Therefore, where greater accuracy is required,
the extruded section is given a light draw to strengthen the section and finish, and improve its
dimensional accuracy Fig. 1.57 (a, b).
The Mannesmann mills, plug rolling mills, three-roll piercing mills, and reeling mills are also
used for producing seamless pipe and tubing Fig. 1.58. The Mannesmann mill Fig. 1.58 (a) is
used extensively for the rotary piercing of steel and copper billets. The process employs two
barrel-shaped driven rolls which are set at an angle to each other. An axial thrust is developed
as well as rotation to the billet. Because of the low arc of contact with the billet, tensile stresses
develop along the axis of the billet. This assists in opening up the centre of the billet as it flows
around the piercing point to create the tube cavity. Piercing is the most severe hot-working
operation customarily applied to metals. The Mannesmann mill does not provide sufficiently
large wall reduction and elongation to produce finished hot-worked tubes. Various types of plug
rolling mills, which drive the tube over a long mandrel containing a plug Fig. 1.58 (b), have
been widely adopted. This has led to the development of three-roll piercing machines Fig. 1.58
(c) which produce more concentric tubes with smoother inside and outside surfaces than the
older Mannesmann design. A reeling mill Fig. 1.58 (d) which burnishes the outside and inside
surfaces and removes the slight oval shape is usually one of the last steps in the production of
pipe or tubing.

70

FIG. 1.57. Types of Extrusion.

FIG. 1.58. (a) Mannesmann mill (b) plug rolling mill (c) three-roll piercing mill
(d) reeling mill.
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1.3.9.

Spinning processes

A method of making tank heads, television cones, and other deep parts of circular symmetry is
called spinning Fig. 1.59 (a). The metal blank is clamped against a form block which is rotated
at high speed. The blank is progressively formed against the block, either with a manual tool or
by means of small diameter work rolls. In the spinning process the blank thickness does not
change but its diameter is decreased. The shear spinning process Fig. 1.59 (b) is a variant of
conventional spinning. In this process the part diameter is the same as the blank diameter but
the thickness of the spun part is reduced according to equation, t = to sin a. This process is also
known as power spinning, flow-turning, and hydro-spinning. It is used for large axisymmetrical conical or curvilinear shapes such as rocket-motor casings and missile nose cones.

FIG. 1.59. Schematic representation of spinning processes (a) manual spinning (b) shear spinning.

1.3.10. Shearing and blanking
Shearing is the separation of metal by two blades moving as shown in Fig. 1.59. In shearing, a
narrow strip of metal is severely plastically deformed to the point where it fractures at the
surfaces in contact with the blades. The fracture then propagates inward to provide complete
separation. The depth to which the punch must penetrate to produce complete shearing is
directly related to the ductility of the metal. The penetration is only a small fraction of the sheet
thickness for brittle materials, while for very ductile materials it may be slightly greater than
the thickness.
The clearance between the blades is an important variable in shearing operations. With the
proper clearance the cracks that initiate at the edges of the blades will propagate through the
metal and meet near the centre of the thickness to provide a clean fracture surface Fig. 1.59 (a),
(b). Note that even with proper clearance there is still distortion at a sheared edge. Insufficient
clearance will produce a ragged fracture and also will require more energy to shear the metal
than when there is proper clearance. With excessive clearance there is greater distortion of the
edge, and more energy is required because more metal must plastically deform before it
fractures. Furthermore, with too large a clearance burrs or sharp projections are likely to form
on the sheared edge. A dull cutting edge also increases the tendency for the formation of burrs.
The height of the burr increases with increasing clearance and increasing ductility of the metal.
Because the quality of the sheared edge influences the formability of the part the control of
clearance is important. Clearances generally range between 2 and 10 per cent of the thickness
of the sheet; the thicker the sheet the larger the clearance.
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A whole group of press operations are based on the process of shearing. The shearing of closed
contours, when the metal inside the contour is the desired part, is called blanking. If the material
inside the contour is discarded, then the operation is known as punching, or piercing. Punching
indentations into the edge of the sheet is called notching. Parting is the simultaneous cutting
along at least two lines which balance each other from the standpoint of side thrust on the
parting tool. Slitting is a shearing cut which does not remove any metal from the sheet.
Trimming is a secondary operation in which previously formed parts are finished to size,
usually by shearing excess metal around the periphery. The removal offering flash in a press is
a trimming operation. When the sheared edges of part are trimmed or squared up by removing
a thin shaving of metal, the operation is called shaving.

FIG. 1.60. Shearing of metal; (a) proper clearance (b) insufficient clearance (c) excessive clearance.

1.3.11. Bending processes
Bending is the process by which a straight length is transformed into a curved length. It is a
very common forming process for changing sheet and plate into channel, drums, tanks, etc. In
addition, bending is part of the deformation in many other forming operations. The definitions
of the terms used in bending processes are illustrated in Fig. 1.60. The bend radius R is defined
as the radius of curvature on the concave, or inside, surface of the bend. For elastic bending
below the elastic limit the strain passes through zero halfway through the thickness of the sheet
at the neutral axis. In plastic bending beyond the elastic limit the neutral axis moves closer to
the inside surface of the bend as the bending proceeds.
1.3.12. Deep drawing processes
Deep drawing is the metalworking process used for shaping of flat sheets into cup-shaped
articles such as bathtubs, shell cases, and automobile panels. This is done by placing a blank of
appropriate size over a shaped die and pressing the metal into the die with a punch Fig. 1.61.
Generally a clamping or hold-down pressure is required to press the blank against the die to
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prevent wrinkling. This is best done by means of a blank holder or hold-down ring in a double
action press.

FIG. 1.61. Definition of terms used in bending.

FIG. 1.62. Deep-drawing of a cylindrical cup; (a) before bending, (b) after drawing.

1.3.13. Finishing processes and related defects
1.3.13.1. Machining process
Machining is a shape-producing process in which a power-driven device causes material to be
removed in chip form. Most machining is done with equipment that supports both the work
piece and the cutting tool. Although there are many kinds of machines used in manufacturing
industry, the term machine tools has been assigned to that group of equipment designed to hold
a cutting tool and a work piece and establish a suitable set of motions between them to remove
materials from the work in chip form. The common combination of motions is shown in Fig.
1.63.

1.3.13.2. Turning and boring
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These machines normally rotate the work piece to produce the cutting motion and feed a single
point tool parallel to the work axis or at some angle to it. External cylindrical machining is
called turning, internal cylindrical machining is called boring, and making a flat surface by
feeding the tool perpendicular to the axis of revolution is termed as facing.
1.3.13.3. Drilling
A special fluted tool with two or more cutting lips on its exposed end is called a drill and is
rotated and advanced axially into the work piece by use of a drill press. The principal work is
the making of, or enlarging of, cylindrical holes.
1.3.13.4. Milling
There are a great variety of milling machines which like the drill press employ special multiedge cutters. Except for some special production type milling machines, this equipment permits
multi-direction feeding and the cutters perform their principal cutting on their periphery edges.
1.3.13.5. Straight line machines
One group of machine tools provide straight line cutting motion for its cutting action. This
includes the shaper (straight line motion of the cutter), the planer (straight line motion of the
work piece), and the broach (straight line motion of a special multi-tooth cutter). Because of
the high cost of the special cutter, broaching is used only for production quantity machining but
the shaper and planer are more commonly used.
Machine tears are caused by dull machine tools. They will show up as short irregular lines at
right angle to the direction of machining. They are the result of tool removing the metal more
through a tearing action than through a cutting action.

FIG. 1.63. Feed and cutting motions.

1.3.13.6. Grinding processes
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Grinding processes employ an abrasive wheel containing many grains of hard material bonded
in a matrix. The action of a grinding wheel may be considered as a multiple-edge cutting tool
except that the cutting edges are irregularly shaped and randomly spaced around the face of the
wheel. Each grain removes a short chip of gradually increasing thickness, but because of the
irregular shape of the grain there is considerable ploughing action between each grain and the
work-piece.
The depth of cut in grinding usually is very small (a few um), and this results in very small
chips that adhere readily to the wheel or the work-piece. The net effect is that the specific cutting
energy for grinding is about 10 times greater than for turning or milling. In grinding, greater
than 70 per cent of the energy goes into the finished surface. This results in considerable
temperature rise and generation of residual stresses.
Grinding cracks are a processing type discontinuity caused by stresses which are built up from
excess heat created between grinding wheel and metal. Grinding cracks are fine sharp type
cracks and will usually occur at right angles to the rotation of the grinding wheel.
1.3.14. Heat treatment of steel
A number of heat treatment cycles have been developed to alter the structure and hence the
properties of iron and steel. Some of usual treatments and the specific properties they develop
in iron and steel are discussed in the following Fig 1.64. The first is annealing. Steel is annealed
to soften it for easy machining and to release internal stresses that might have been caused by
working of the metal or by unequal contraction in casting. For annealing the steel is heated
slowly to a temperature between 800°C and 1000°C. It is then held at this temperature for
sufficient time so as to enable the internal changes to take place. It is then cooled slowly. For
slow cooling, which is very essential, the heated steel is taken out of the furnace and embedded
in sand, ash, lime or some other non-conducting material.
Normalizing is another heat treatment process. This treatment is done to refine the structure and
to remove strains that might have been caused by cold working. When steel is cold worked its
crystalline structure may get upset and the metal may become brittle and unreliable. Also when
the metal is heated to very high temperatures as for forging then it may lose its toughness. To
remedy these effects steel is slowly heated to about 1000°C and allowed to cool in air.
Hardening or quenching of steel consists of heating the steel to above the transformation
temperature and then suddenly cooling it by dipping it in a bath of cold water or oil. This way
of cooling of hot steel is known as quenching or hardening. The steel after quenching is known
as quenched steel. This type of steel is hard and brittle because of martensitic crystal structure.
The hardness of quenched steel depends upon the medium used for quenching and the rate of
cooling.
When steel is heated to or above its critical temperature (transformation temperature range the
value of which is dependent upon the alloy percentages) and held at this temperature for some
period of time carbon unites in solid solution with iron in the gamma or face centred cubic
lattice form. In this phase, as much as 2% carbon can dissolve at the eutectic temperature of
1148°C at which the widest range of gamma composition exists. This is called the process of
austentization.
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FIG. 1.64. Temperature ranges for various heat treating.

Tempering involves heating of hardened steel to a suitable temperature between 230°C and
600°C. This causes a particle transformation of the martensitic back to pearlite again thereby
taking away some of the hardness of the steel to make it tougher. Minimum hardness and
maximum ductility of steel can be produced by a process called spheroidizing, which causes
the iron carbide to form in small spheres or nodules in a ferrite matrix. In order to start with
small grains that spheroids more readily, the process is usually performed on normalized steel.
Several variations of processing are used, but all require the holding of the steel near the A1
temperature (usually slightly below) for a number of hours to allow the iron carbide to form in
its more stable and lower energy state of small, rounded globules.
Heat treating cracks are often caused by stresses built up during heating and cooling. Unequal
cooling between light and heavy sections may cause heat treatment cracks. Heat treatment
cracks have no specific direction and usually start at sharp corners which act as stress
concentration points (stress raisers).
1.3.14.1. Surface finishing
Products that have been completed to their proper shape and size frequently require some type
of surface finishing to enable them to satisfactorily fulfil their function. In some cases, it is
necessary to improve the physical properties of the surface material for resistance to penetration
or abrasion. In many manufacturing processes, the product surface is left with dirt, metal chips,
grease or other harmful material on it. Assemblies that are made of different materials or from
the same materials processed in different manners may require some special surface treatment
to provide uniformity of appearance.
Surface finishing may sometimes become an intermediate step in processing. For instance,
cleaning and polishing are usually essential before any kind of plating process. Some of the
cleaning procedures are also used for improving surface smoothness on mating parts and for
removing burrs and sharp corners, which might be harmful in later use. Another important need

77

for surface finishing is for corrosion protection in variety of environments. The type of
protection provided will depend largely upon the anticipated exposure, with due consideration
to the material being protected and the economic factors involved.
Satisfying the above objectives necessitates the use of many surface finishing methods that
involve chemical change of the surface, mechanical work affecting surface properties, cleaning
by a variety of methods and the application of protective coatings, organic and metallic.
1.3.14.2. Case hardening of steels
Case hardening results in a hard, shell like surface. Some product applications require surface
properties of hardness and strength to resist penetration under high pressure and to provide
maximum wear properties. Where through hardness and the maximum strength associated with
it are not necessary, it may be more economical to gain the needed surface properties by a case
hardening process. Case hardening involves a change of surface properties to produce a hard,
wear resistant shell with a tough fracture resistant core. This is usually accomplished by a
change of surface material chemistry. With some materials, a similar condition can be produced
by a phase change of the material already present.
Case depth measurement is sometimes checked by destructive methods, cutting the object,
etching the cut surface and checking the cut depth with a measuring microscope. A faster and
more useable method when knowledge is needed directly for service parts, is to use eddy current
tests.
1.3.14.3. Carburizing
Case hardening of steel may be accomplished by a number of methods. The choice between
them is dependent on the material to be treated, the application and the desired properties. One
of the more common methods is carburizing which consists of an increase or addition of carbon
to the surface of the part. Carburizing is usually performed on a low alloy or plain low carbon
steel. If alloy steel is used, it usually contains small quantities of nickel or some other elements
that act as grain growth retarder during the heating cycle. Low carbon steels are commonly used
to minimize the effect of subsequent heat treatment on the core material. It is possible to
carburize any steel containing less than the 0.7% to 1.2% carbon that is produced in the surface
material. The complete cycle for case hardening by carburizing is shown in Fig. 1.65.

FIG. 1.65. Typical heat treatment cycle for carburizing.
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1.3.14.4. Flame hardening
Another case hardening process that does not require a change of composition in the surface
material is flame hardening. This method can be used only on steels that contain sufficient
carbon to be hardenable by standard heat treating procedures. The case is produced by
selectively heating part or the entire surface with special high capacity gas burners or oxyacetylene torches at a rate sufficiently high that only a small depth from the surface goes above
the critical temperature. Following immediately behind the torch is a water quenching head that
floods the surface to reduce the temperature fast enough to produce a martensitic structure. As
in the case of carburizing, the surface may be then reheated to temper it for toughness
improvement. The depth of hardness is controlled by the temperature to which the metal is
raised, by the rate of heating, and by the time that passes before quenching.
1.3.14.5. Cleaning
Few, if any, shaping and sizing processes produce products that are suitable without some type
of cleaning unless special precautions are taken. Hot working, heat treatment and welding,
cause oxidation and scale formation in the presence of oxygen. For the same reason, castings
are usually coated with oxide scale. If they are made in sand moulds they may have sand grains
fused or adhering to the surface. Residue from coolants, lubricants and other processing
materials is common on many manufactured parts. In addition to greasy films from processing,
protective coatings of greases, oils, or waxes are frequently used intentionally to prevent rust
or corrosion on parts that are stored for some period of time before being put to use. Even if
parts are clean at the completion of manufacturing, they seldom remain that way for long. After
only short storage periods, corrosion and dust from atmospheric exposure necessitate cleaning
particularly if further processing is required.
When using NDT methods such as penetrant testing and ultrasonic testing good pre-cleaning
may be necessary to get accurate results and post-cleaning is often needed to leave the surface
in a suitable condition. In some applications such as on stainless steels and nickel based alloys,
ultrasonic couplants and penetrant materials must be made of only certain materials so that they
do not cause stress-corrosion failure.
Cleaning sometimes has finish improvement associated with it. Some shape producing methods
produce unsatisfactory surface characteristics such as sharp corners, burrs and tool marks which
may affect the function, handling ease, and appearance of the product. Some cleaning processes
at least partially blend together surface irregularities to produce uniform light reflection.
Improvement of surface qualities may be accomplished by removal of high spots by cutting or
by plastic flow as cleaning is performed.
Many different cleaning methods are available. The most commonly used ones are briefly
mentioned here: the most widely used cleaning methods use a cleaning medium in liquid form,
which is applied to the object to be cleaned in different ways such as spraying, brushing or
dipping the object in a bath of the cleaning liquid. Cleaning may be carried out through the
process of blasting wherein the cleaning medium which may be a liquid or a solid (e.g. sand,
glass or steel beads, etc.) is accelerated to high velocity and impinged against the surface to be
cleaned. A number of cleaning operations can be quickly and easily performed by use of wire
brushes either manually or by rotating them at high speeds. The cleaned surface may be given
a final polishing touch using a flexible abrasive wheel. Buffing is a kind of polishing process.
1.3.14.6. Coatings
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Many products, in particular those exposed to view and those subject to change by the
environment with which they are in contact, need some type of coating for improved appearance
or for protecting from chemical attack. All newly created surfaces are subject to corrosion,
although the rate of occurrence varies greatly with the material, the environment, and the
conditions. For all practical purposes, some materials are highly corrosion resistant because the
products of corrosion resist further corrosion. For example, a newly machined surface on an
aluminium alloy will immediately be attacked by oxygen in the air. The initial aluminium oxide
coating protects the remaining metal and practically stops corrosion unless an environmental
change occurs. Corrosion rates are closely dependent on environment. Rates increase with rise
of temperature and greater concentration of the attacking chemical. The need for corrosion
protection for maintenance of appearance is obvious. Unless protected, an object made of bright
steel will begin to show rust in a few hours of exposure to ordinary atmosphere. In addition to
change of appearance, loss of actual material, change of dimensions, and decrease of strength,
corrosion may be the cause of eventual loss of service or failure of a product.
Hardness and wear resistance can, however, be provided on a surface by plating with hard
metals. Chromium plating of gauges subject to abrasion is frequently used to increase their wear
life. Coatings of plastic materials and asphaltic mixture are sometimes placed on surfaces to
provide sound deadening. The additional benefit of protection from corrosion is usually
acquired at the same time.
1.3.14.7. Metallizing
Metal spraying or metallizing is a process in which metal wire or powder is fed into anoxyacetylene heating flame and the same after melting, is carried by high velocity air to be
impinged against the work surface. The small droplets adhere to the surface and bond together
to build up a coating. The nature of the bond is dependent largely on the materials. The droplets
are relatively cool when they make contact and in fact can be sprayed on wood, leather, and
other flammable materials. Little, if any, liquid flow aids the bonding action. If, however,
sufficient affinity exists between the metals, a type of weld involving atomic bonds may be
established.
The bond is largely mechanical in most cases and metal spraying is usually done on surfaces
that have been intentionally roughened to aid the mechanical attachment. Zinc, aluminium, and
cadmium, which are anodic to steel and therefore provide preferential corrosion protection, are
usually sprayed in thin layers, averaging about 0.25 mm in thickness, as protective coatings.
Because sprayed coatings tend to be porous, coatings of two or more times this thickness are
used for cathodic materials such as tin, lead, and nickel. The cathodic materials protect only by
isolating the base material from its environment.
Several metals, mainly zinc, tin, and lead, are applied to steel for corrosion protection by a hot
dip process. Steel in sheet, rod, pipe, or fabricated form, properly cleansed and fluxed, is
immersed in molten plating metal. As the work is withdrawn the molten metal that adheres
solidifies to form a protective coat.
Coating of many metals can be deposited on other metals and on non-metals by electroplating,
when suitably prepared. This is based on the principle that when direct current power of high
enough voltage is applied to two electrodes immersed in a water solution of metallic salt, current
will flow through the circuit causing changes at the electrodes as illustrated in Fig. 1.66. At the
negative electrode, or cathode (the work), excess electrons supplied from the power source
neutralize positively charged metallic ions in the salt solution to cause dissolved metal to be
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deposited in the solid state. At the positive electrode, or anode (plating metal), metal goes into
solution to replace that removed at the other electrode. The rate of deposition and the properties
of the plated material are dependent on the metals being worked with, the current density, the
solution temperature, and other factors.

FIG. 1.66. Electroplating.

1.3.14.8. Chemical treatment
A relatively simple and often fully satisfactory method for protection from corrosion is by
conversion of some of the surface material to a chemical composition that resists attack from
the environment. These converted metal surfaces consist of relatively thin (seldom more than
0.025 millimetre thick) inorganic films that are formed by chemical reaction with the base
material. One important feature of the conversion process is that the coatings have little effect
on the product dimensions. However, when severe conditions are to be encountered, the
converted surface may give only partial protection, and coatings of entirely different types may
be applied over them.
Aluminium, magnesium, and zinc can be treated electrically in a suitable electrolyte to produce
a corrosion-resistant oxide coating. The metal being treated is connected to the anode in the
circuit, which provides the name anodizing for the process.
Phosphate coatings, used mostly on steel, result from a chemical reaction of phosphoric acid
with the metal to form a non-metallic coating that is essentially phosphate salts. The coating is
produced by immersing small items or spraying large items with the phosphating solution. A
number of proprietary blackening processes, used mainly on steel, produce attractive black
oxide coatings. Most of the processes involve the immersing of steel in a caustic soda solution
heated to about 150°C (300°F) and made strongly oxidizing by the addition of nitrites or
nitrates. Corrosion resistance is rather poor unless improved by application of oil, lacquer, or
wax. As in the case of most of the other chemical conversion procedures this procedure also
finds use as a base for paint finishes.
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1.4. MATERIALS IN SERVICE
1.4.1.

Behavior of materials in service

Materials have to operate and perform in widely varied environments and situations. The
requirements of safety and reliability demand that the materials and components should perform
well in their environments and situations without premature failure. There are a number of
factors and processes that can cause the failure of materials. As premature failure of critical
components can be disastrous in many situations apart from being a cause for lost production
and bad reputation, it is essential to understand and control these causes of failure.
1.4.2.

Service conditions leading to defects and failures

Due to advances in technology and the understanding of materials and their design, and due to
sophisticated inspection and testing methods, such as the non-destructive testing methods, metal
failures occur only in an extremely low percentage of the millions of tons of metals fabricated
every year. Those that do occur fall mainly into three categories. Operational failures can be
caused by overload, wear, corrosion and stress-corrosion, brittle fracture and metal fatigue. In
the second category fall the failures due to improper design. In this it is necessary to consider
whether sharp corners or high-stress areas exist in the design, has sufficient safety stress factor
been considered and whether the material selected is suitable for particular application. The
third type of failure is caused by thermal treatments such as forging, hardening, tempering and
welding, and by surface cracks caused by the heat of grinding. These aspects and especially
those related to operational or in-service conditions will be described here in more detail.
1.4.2.1.

Corrosion

With the exception of some noble metals, all metals are subject to the deterioration caused by
ordinary corrosion. Iron, for example, tends to revert back to its natural state of iron oxide.
Other metals revert to sulphides and oxides or carbonates. Buildings, ships, machines and
automobiles are all subject to attack by the environment. The corrosion that results often renders
them useless and they have to be scrapped. Billions of dollars a year are lost as a result of
corrosion. Corrosion can also cause dangerous conditions to prevail, such as on bridges, where
the supporting structures have been eaten away, or in aircraft in which an insidious corrosion
called inter-granular corrosion can weaken the structural members of the aircraft and cause a
sudden failure.
Corrosion in metals is the result of their desire to unite with oxygen in the atmosphere or in
other environments to return to a more stable compound, usually called ore. Iron ore, for
example, is in some cases simply iron rust. Corrosion may be classified by the two different
processes by which it can take place; direct oxidation corrosion, which usually happens at high
temperature, and galvanic corrosion, which takes place at normal temperatures in the presence
of moisture or an electrolyte. Direct oxidation corrosion is often seen in the scaling that takes
place when a piece of metal is left in a furnace for a length of time. The black scale is actually
a form of iron oxide, called magnetite (Fe3O4). Galvanic corrosion is essentially an
electrochemical process that causes a deterioration of metals by a very slow but persistent
action. In this process, part or all of the metal becomes transformed from the metallic state to
the ionic state and often forms a chemical compound in the electrolyte. On the surface of some
metals such as copper or aluminium, the corrosion product sometimes exists as a thin film that
resists further corrosion. In other metals such as iron, the film of oxide that forms is so porous
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that it does not resist further corrosive action, and corrosion continues until the whole piece has
been converted to the oxide.
Corrosion requires the presence of an electrolyte to allow metal ions to go into solution. The
electrolyte may be fresh or salt water and acid or alkaline solutions of any concentration. Even
a finger print on metal can form an electrolyte and produce corrosion. When corrosion of a
metal occurs, positively charged atoms are released or detached from the solid surface and enter
into solution as metallic ions while the corresponding negative charges in the form of electrons
are left behind in the metal. The detached positive ions bear one or more positive charges. In
the corrosion of iron, each iron atom releases two electrons and then becomes a ferrous iron
carrying two positive charges. Two electrons must then pass through a conductor to the cathode
area. The electrons reach the surface of the cathode material and neutralize positively charged
hydrogen ions that have become attached to the cathode surface. Two of these ions will now
become neutral atoms, and are released generally in the form of hydrogen gas. This release of
the positively charged hydrogen ions leaves an accumulation and a concentration of OH
negative ions that increases the alkalinity at the cathode. When this process is taking place, it
can be observed that hydrogen bubbles are forming at the cathode only. When cathodes and
anodes are formed on a single piece of metal, their particular locations are determined by, for
example, the lack of homogeneity in the metal, surface imperfections, stresses, inclusions in the
metal, or anything that can form a crevice such as a washer.
Corrosion can also take the form of erosion in which the protective film, usually an oxide film,
is removed by a rapidly moving atmosphere or medium. Depolarization can also take place, for
example, on the propellers of ships because of the movement through the water, which is the
electrolyte. This causes an increased corrosion rate of the anodic steel ship's hull. Impellers of
pumps are often corroded by this form of erosion corrosion in which metal ions are rapidly
removed at the periphery of the impeller but are concentrated near the centre where the velocity
is lower. Another form of corrosion is inter-granular corrosion. This takes place internally.
Often the grain boundaries form anodes and the grains themselves form cathodes, causing a
complete deterioration of the metal in which it simply crumbles when it fails. This often occurs
in stainless steels in which chromium carbides precipitate at the grain boundaries. This lowers
the chromium content adjacent to the grain boundaries, thus creating a galvanic cell.
Differences in environment can cause a high concentration of oxygen ions. This is called cell
concentration corrosion. Pitting corrosion is localized and results in small holes on the surface
of a metal caused by a concentration cell at that point. When high stresses are applied to metals
in a corrosive environment, cracking can also be accelerated in the form of stress-corrosion
failure. It is a much localized phenomenon and results in a cracking type of failure.
Cathodic protection is often used to protect steel ships hulls and buried steel pipelines. This is
done by using zinc and magnesium sacrificial anodes that are bolted to the ship's hull or buried
in the ground at intervals and electrically connected to the metal to be protected. In the case of
the ship, the bronze propeller acts as a cathode, the steel hull as an anode and the seawater as
an electrolyte. Severe corrosion can occur on the hull as a result of galvanic action. The
sacrificial anodes are very near the anodic end of the galvanic series and have a large potential
difference between both the steel hull of the ship and the bronze propeller. Both the hull and
propeller become cathodic and consequently do not deteriorate. The zinc or magnesium anodes
are replaced from time to time. Selection of materials is of foremost importance. Even though
a material may be normally resistant to corrosion, it may fail in a particular environment or if
coupled with a more cathodic metal. Coatings are extensively used to prevent corrosion. There
are different types of such coatings, for example; anodic coatings, cathodic coatings, organic
and inorganic coatings, inhibitive coatings, etc.
83

1.4.2.2.

Fatigue

When metal parts are subjected to repeated loading and unloading over prolonged periods they
may fail at stresses far below their yield strength with no sign of plastic deformation. This is
called a fatigue failure. When designing machine parts that are subject to vibration or cyclic
loads, fatigue strength may be more important than ultimate tensile or yield strength. Fatigue is
a universal phenomenon observed in most solids. Cyclic loading leads to a continuous
accumulation of damage which, as in the case of static fracture, eventually results in rupture.
Fatigue limit, or endurance limit, is the maximum load that can be applied an infinite number
of times without causing failure Fig. 1.67. But 10 million loading cycles are usually considered
enough to establish fatigue limits. The number of cycles leading to fracture at a given stress is
often referred to as the fatigue strength or endurance. This phenomenon of failure of a material
when subjected to a number of varying stress cycles is known as fatigue since it was once
thought that fracture occurred due to the metal weakening or becoming tired.

FIG. 1.67. Typical fatigue curves for ferrous and non-ferrous metals.

FIG. 1.68. Fatigue cracks.

Failures caused by fatigue are found in many of the materials of industry. Some plastics and
most metals are subject to fatigue in varying degrees as these are widely used in dynamically
loaded structures and machines. It has been estimated that at least 75% of all machine and
structure failures have been caused by some form of fatigue. Fatigue failure is caused by a crack
that is initiated by a notch, bend, or scratch that continues to grow gradually as a result of stress
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reversals on the part. The crack growth continues until the cross-sectional area of the part is
reduced sufficiently to weaken the part to the point of failure. In welding, even spatter on a
sensitive surface such as a steel spring can initiate fatigue failure. Fatigue is greatly influenced
by the kind of material, grain structure and the kind of loading. Some metals are more sensitive
to sharp changes in section (notch sensitive) than others.
There are various types of fatigue failure. In the case of one-way bending load a small
elliptically shaped fatigue crack usually starts at a surface flaw such as a scratch or tool mark.
The crack tends to flatten out as it grows. It is caused by the stress at the base of the crack being
lower because of the decrease in distance from the edge of the crack to the neutral axis. If a
distinct stress raiser such as a notch is present, the stress at the base of the crack would be high,
causing the crack to progress rapidly near the surface, and the crack tends to flatten out sooner.
In a two-way bending load cracks start almost simultaneously at opposite surfaces when the
surfaces are equally stressed. The cracks proceed toward the centre at similar rates and result in
a fracture that is rather symmetrical.
In the early stages of fatigue testing, specimens will generally evolve an appreciable amount of
heat. Later fissures develop at the surface eventually leading to failure. The surface of the
specimen is a preferential seat of damage initiation. Corrosive effects may also assist in
degradation of the structure at the surface. Corrosion is essentially a process of oxidation and
under static conditions a protective oxide film is formed, which tends to retard further corrosion
attack. In the presence of cyclic stress, the situation is quite different, since the partly protective
oxide film is ruptured in every cycle allowing further attack. It is a rather simplified explanation
that the microstructure at the surface of the metal is attacked by the corrosive environment
causing, an easier and more rapid initiation of cracks. One of the important aspects of corrosion
fatigue is that a metal having a fatigue limit in air no longer possesses one in the corrosive
environment and therefore fracture can occur at relatively very low stress levels.
In commercial alloys, the technical fatigue limit generally lies between 0.3 and 0.5 of the
ultimate tensile stress. The fatigue strength of metals can often be enhanced by treatments which
render the surface more resistant to deformation. Fracture then tends to start at the interface
between the hard surface layer and the softer core. Stress raisers, such as sharp notches, corners,
key ways, rivet holes and scratches can lead to an appreciable lowering of the fatigue strength
of metal components. Good surface finish and corrosion protection are desirable to enhance
fatigue resistance. Fatigue is basically a low temperature problem and at temperatures relatively
high with respect to the melting point, fracture and hence specimen life are governed by creep.
Fractured surfaces of fatigued metals generally show a smooth and lustrous region due to the
polishing effects arising from attrition at fissures. The remaining parts of the fracture surface,
over which failure occurred through weakening of the specimen by the reduction of its load
bearing cross-section by surface cracks and fissures, may look duller and coarser, as it is
essentially caused by static fracture. Fatigue cracks are service type discontinuities that are
usually open to the surface where they start from stress concentration points as shown (Fig.
1.68).
1.4.2.3.

Creep

The progressive deformation of a material at constant stress is called creep. To determine the
engineering creep curve of a metal, a constant load is applied to a tensile specimen maintained
at a constant temperature, and the strain (extension) of the specimen is determined as a function
of time. Although the measurement of creep resistance is quite simple in principle, in practice
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it requires considerable laboratory equipment. The elapsed time of such tests may extend to
several months, while some tests have been run for more than 10 years.
Curve A in Fig. 1.69 illustrates the idealized shape of a creep curve. The slope of this curve
(dϵ/dt) is referred to as the creep rate. Following an initial rapid elongation of the specimen, eo,
the creep rate, decreases with time, then reaches essentially a steady state in which the creep
rate changes little with time, and finally the creep rate increases rapidly with time until fracture
occurs. Thus, it is natural to discuss the creep curve in terms of its three stages. It should be
noted, however, that the degree to which these three stages are readily distinguishable depends
strongly on the applied stress and temperature.

FIG. 1.69. Typical creep curve showing the three steps of creep curve A, constant-load test; curve B, constant-stress test.

In making an engineering creep test, it is usual practice to maintain the load constant throughout
the test. Thus, as the specimen elongates and decreases in cross-sectional area, the axial stress
increases. The initial stress which was applied to the specimen is usually the reported value of
stress. Methods of compensating for the change in dimensions of the specimen so as to carry
out the creep test under constant-stress conditions of the specimen have been developed. When
constant-stress tests are made it is found that the onset of stage III is greatly delayed. The dashed
line (curve B) shows the shape of a constant-stress creep curve. In engineering situations it is
usually the load not the stress that is maintained constant, so a constant-load creep test is more
important. However, fundamental studies of the mechanism of creep should be carried out
under constant-stress conditions.
The first stage of creep, known as primary creep, represents a region of decreasing creep rate.
Primary creep is a period of predominantly transient creep in which the creep resistance of the
material increases by virtue of its own deformation. For low temperatures and stresses, as in the
creep of lead at room temperature, primary creep is the predominant creep process. The second
stage of creep, known also as secondary creep, is a period of nearly constant creep rate which
results from a balance between the competing processes of strain hardening and recovery. For
this reason, secondary creep is usually referred to as steady-state creep. The average value of
the creep rate during secondary creep is called the minimum creep rate. Third-stage or tertiary
creep mainly occurs in constant-load creep tests at high stresses at high temperatures. Tertiary
creep occurs when there is an effective reduction in cross-sectional area either because of
necking or internal void formation. Third-stage creep is often associated with metallurgical
changes such as coarsening of precipitate particles, re-crystallization, or diffusional changes in
the phases that are present.
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1.4.2.4.

Wear

Wear may be defined as undesired removal of material from contacting surfaces by mechanical
action. Excessive wear can be caused by continuous overload, but wear is ordinarily a slow
process that is related to the friction between two surfaces. Rapid wear can often be attributed
to lack of lubrication or the improper selection of material for the wear surface. Some wear is
to be expected, however, and could be called normal wear. Wear is one of the most frequent
causes of failure. We find normal wear in machine tooling such as carbide and high speed tools
that wear and have to be replaced or re-sharpened. Parts of automobiles ultimately wear until
an overhaul is required. Machines are regularly inspected for worn parts, which when found are
replaced; this is called preventive maintenance. Often normal wear cannot be prevented; it is
simply accepted, but it can be kept to a minimum by the proper use of lubricants. Rapid wear
can occur if the load distribution is concentrated in a small area because of the part design or
shape. This can be altered by redesign to offer more wear surface. Speeds that are too high can
increase friction considerably and cause rapid wear.
Metallic wear is a surface phenomenon, which is caused by the displacement and detachment
of surface particles. All surfaces subjected to either rolling or sliding contact show some wear.
In some severe cases the wear surface can become cold welded to the other surface. In fact,
some metals are pressure welded together in machines, taking advantage of their tendency to
be cold welded. This happens when tiny projections of metal make a direct contact on the other
surface and produce friction and heat, causing them to be welded to the opposite surface if the
material is soft. Metal is torn off if the material is brittle. Insufficient lubrication is usually the
cause of this problem. High pressure lubricants are often used while pressing two parts together
in order to prevent this sort of welding. Two steel parts such as a steel shaft and a steel bore in
a gear or sprocket, if pressed together dry, will virtually always seize or weld and cause the two
parts to be ruined for further use. In general, soft metals, when forced together, have a greater
tendency to "cold weld" than harder metals. Two extremely hard metals even when dry will
have very little tendency to weld together. For this reason, hardened steel bushings and
hardened pins, are often used in earth moving machinery to avoid wear. Some soft metals when
used together for bearing surfaces (for example, aluminium to aluminium) have a very great
tendency to weld or seize. Among these metals there are aluminium, copper and austenitic
stainless steel.
Different types of wear include abrasive wear, erosive wear, corrosive wear and surface fatigue.
In abrasive wear small particles are torn off the surfaces of the metal, creating friction. Friction
involving abrasive wear is sometimes used or even required in a mechanism such as on the
brakes of an automobile. The materials are designed to minimize wear with the greatest amount
of friction in this case. Where friction is not desired, a lubricant is normally used to provide a
barrier between the two surfaces. This can be done by heavy lubricating films or lighter
boundary lubrication in which there is a residual film. Erosive wear is often found in areas that
are subjected to a flow of particles or gases that impinge on the metal at high velocities. Sand
blasting, which is sometimes used to clean parts, utilizes this principle. Corrosive wear takes
place as a result of an acid, caustic, or other corrosive medium in contact with metal parts. When
lubricants become contaminated with corrosive materials, pitting can occur in such areas as
machine bearings. Surface fatigue is often found on roll or ball bearing or sleeve bearings where
excessive side thrust has been applied to the bearing. It is seen as a fine crack or as small pieces
falling out of the surface.
Various methods are used to limit the amount of wear in the part. One of the most commonly
used methods is simply to harden the part. Also, the part can be surface hardened by diffusion
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of a material, such as carbon or chrome, into the surface of the part. Parts can also be metallized,
hard faced, or heat treated. Other methods of limiting wear are electroplating (especially the
use of hard industrial chromium) and anodizing of aluminium. Some nickel plate is used, as
well as rhodium, which is very hard and has high heat resistance. The oxide coating that is
formed by anodizing on certain metal such as magnesium, zinc, aluminium, and their alloys is
very hard and wear resistant. These oxides are porous enough to form a base for paint or stain
to give it further resistance to corrosion. Some of the types of diffusion surfacing are
carburizing, carbo-nitriding, cyaniding, nitriding, chromizing, and siliconizing. Chromizing
consists of the introduction of chromium into the surface layers of the base metal. This is
sometimes done by the use of chromium powder and lead baths in which the part is immersed
at a relatively high temperature. This, of course, produces a stainless steel on the surface of low
carbon steel or an iron base metal, but it may also be applied to non-ferrous material such as
Tungsten, molybdenum, cobalt, or nickel to improve corrosion and wear resistance. The fusion
of silicon, which is called ihrigizing, consists of impregnating an iron base material with silicon.
This also greatly increases wear resistance.
Hard facing is put on a metal by the use of several types of welding operations, and it is simply
a hard type of metal alloy such as alloying cobalt and tungsten or tungsten carbide that produces
an extremely hard surface that is very wear resistant. Metal spraying is used for the purpose of
making hard wear resistant surfaces and for repairing worn surfaces.
1.4.2.5.

Overload

Overload failures are usually attributed to faulty design, extra loads applied, or an unforeseen
machine movement. Shock loads or loads applied above the design limit are quite often the
cause of the breakdown of machinery. Although mechanical engineers always plan for a high
safety factor in designs (for instance the 10 to 1 safety factor above the yield strength that is
sometimes used in fasteners), the operators of machinery often tend to use machines above their
design limit. Of course, this kind of over-stress is due to operator error. Inadequate design can
sometimes play a part in overload failures. Improper material selection in the design of the part
or improper heat treatment can cause some failures when overload is a factor. Often a machinist
or welder will select a metal bar or piece for a job based upon its ultimate tensile strength rather
than upon its yield point. In effect this is a design error and can ultimately result in breakdown.
Basically there are only two modes or ways in which metals can fracture under single or
monotonic loads. These two modes are shear and cleavage and they differ primarily in the way
the basic metal crystal structure behaves under load. Almost all commercial solid metals are
polycrystalline. Each individual crystal or grain is a structure composed of a very large number
of atoms of the constituent elements. These atoms are arranged in cells within each crystal in a
regular, repetitive three-dimensional pattern. Adjacent cells share the corner atoms and their
positions are balanced by electrical forces of attraction and repulsion. Applied forces can cause
distortion of the cells. Shear deformation represents a sliding action on planes of atoms in
crystals. In a polycrystalline metal slight deformation causes no permanent change in shape, it
is called elastic deformation. That is, the metal returns to its original size and shape, like a
spring, after being unloaded. If a greater load is imposed, permanent or plastic deformation
occurs because of irreversible slip between certain planes of atoms that make up the crystal
structure. If the applied load or force is continued, the shear deformation causes tiny microvoids
to form in the most highly stressed region. These tiny voids soon interconnect and form fracture
surfaces. The cleavage mode of separation of the cell is different. In this case separation occurs
suddenly between one face of the cell and the mating face of the adjacent cell without any
deformation being present.
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Fracture will originate whenever the local stress, i.e. load per unit cross-sectional area, first
exceeds the local strength. This location will vary depending upon the strength of the metal and
the applied stress. When a shaft or similar shape is pulled by tensile force it becomes longer
and narrower. For ductile metals the shear strength is the weak link and these metals fail through
the shear mode. These metals fail when shear stress exceeds the shear strength. In the case of
brittle metals, these fail because the tensile stress exceeds the tensile strength. Brittle metals
always have a fracture that is perpendicular to the tensile stress and little or no deformation
because fracture takes place before the metal can deform plastically as ductile metals do.
When a cylinder is loaded in axial compression, a ductile metal becomes shorter and thicker.
In short it bulges when squeezed by the compressive force and there is no fracture. A brittle
metal in pure compression will fracture parallel to the length of the cylinder.
1.4.2.6.

Brittle and ductile fracture

Fracture preceded by a significant amount of plastic deformation is known as ductile fracture,
otherwise it is brittle fracture. Brittle fracture occurs, when plastic flow is inhibited either by
the effective locking of atomic dislocations by precipitates or elements or by the pre-existence
or formation of cracks and imperfections acting as local stress raisers in the material. All
materials can be embrittled if the temperature is lowered sufficiently. Glass, sealing wax,
germanium, silicon and other materials though ductile at temperatures close to their melting
point are brittle at ordinary temperatures. In most materials the brittle strength, defined as the
maximum tensile stress withstood without the occurrence of brittle fracture, is low compared
with the ideal strength the fault-free material would be expected to exhibit. The source of brittle
fracture is therefore to be sought in the presence of structural defects.
As has already been mentioned brittle metals always have a fracture that is perpendicular to the
tensile stress and have little or no deformation because fracture takes place before the metal can
deform plastically. Thus a tensile fracture of a brittle metal has a fracture plane that is essentially
straight across. It also usually has a characteristic bright sparkling appearance when freshly
fractured.
The pattern of a break can often reveal how the failure was precipitated. For example, if the
break was caused by a sudden shock load such as an explosion, there are usually chevronshaped formations present that point to the origin of fracture. When a stress concentration is
present, such as a weld on a structure that is subject to a sudden overload, the fracture is usually
brittle across the entire break, showing crystals, striations, and wave fronts. Brittle fractures are
often inter-granular (along the grain boundaries); this gives the fracture surface a rock candy
appearance at high magnification. When grain boundaries are weakened by corrosion,
hydrogen, heat damage, or impurities, the brittle fracture may be inter-granular. Brittle failures
can also be trans-granular (through the grains); this is called cleavage.
Cleavage fracture is confined to certain crystallographic planes that are found in body centred
cubic or hexagonal close-packed crystal structures. For the most part, metals having other
crystalline unit structures do not fail by cleavage unless it is by stress-corrosion cracking or by
corrosion fatigue. Cleavage should normally have a flat, smooth surface; however, because
metals are polycrystalline with the fracture path randomly oriented through the grains and
because of certain imperfections, certain patterns are formed on the surface.
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Small quantities of hydrogen have a great effect on the ductility of some metals. Hydrogen can
get into steels when they are heated in an atmosphere or material containing hydrogen, such as
during pickling or cleaning operations, electroplating, cold working, welding in the presence of
hydrogen-bearing compounds, or the steel-making process itself. There is a noticeable
embrittling effect in steels containing hydrogen. This can be detected in tensile tests and seen
in the plastic region of the stress-strain diagram showing a loss in ductility. Electroplating of
many parts is required because of their service environment to prevent corrosion failure. Steel
may be contaminated by electroplating materials that are commonly used for cleaning or
pickling operations. These materials cause hydrogen embrittlement by charging the material
with hydrogen. Mono-atomic hydrogen is produced by most pickling or plating operations at
the metal-liquid interface, and it seems that single hydrogen atoms can readily diffuse into the
metal. Preventive measures can be taken to reduce this accumulation of hydrogen gas on the
surface of the metal.
A frequent source of hydrogen embrittlement is found in the welding process. Welding
operations, in which hydrogen-bearing compounds such as oil, grease, paint, or water are
present, are capable of infusing hydrogen into the molten metal, thus embrittling the weld zone.
Special shielding methods are often used that help to reduce the amount of hydrogen absorption.
One effective method of removing hydrogen is a baking treatment in which the part, or in some
cases the welding rod, is heated for long periods of time at temperatures of 121 to 204°C. This
treatment promotes the escape of hydrogen from the metal and restores the ductility.
Stress raisers such as notches on the surface of a material have a weakening effect and cause
embrittlement. A classic example is provided by the internal notches due to graphite flakes in
cast irons. The flakes embrittles the irons in tension. Therefore in structural applications cast
irons are most usefully employed under compressive loads. Their brittle strength and toughness
can, however, be increased appreciably if the graphite is allowed to form in spheroidal rather
than flaky form. This can be done by alloying the melt, for example, with magnesium.
1.4.3.

Concepts of rupture development in metals

Most of the ideas related to the development of defects in materials have already been discussed
in Section 1.4.2. Rupture occurs when the size of these defects, especially cracks, reaches a
certain critical size.
1.5.QUALITY AND STANDARDIZATION
1.5.1.

Definition of quality, quality control and standardization

1.5.1.1.

Quality

Quality of an industrial product does not mean the best or excellent. On the other hand it is
defined as the fitness of the product to do the job required of it by the user. It may also be said
to be the ability of the product to meet the design specifications which usually are set keeping
in view the purpose and the use to which the product is expected or intended to be put. As stated
earlier it would be better to set or define an optimum quality level for a product rather than
trying to make it of best possible quality which will unnecessarily make the product more
expensive which may not be acceptable to the customer.
In a generalized way, the typical characteristics of industrial products which help in defining
and fixing its specifications and quality are chemical composition, metallurgical structure,
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shape and design, physical properties of strength and toughness, appearance, environmental
properties, i.e. response to service conditions and presence or otherwise of internal defects.
These requirements should be met within the specified tolerances. The cost, of course, is an
important component. The ability of an organization to meet quality criteria in production of
goods or services will ultimately bear on the profitability and survivability of that organization.
If it cannot produce goods to the customer's requirements, it cannot compete except under very
abnormal and short-term circumstances. However, if the customer's requirements are
impossible to meet, or difficult to meet within the financial constraints imposed, the solution
may very well be to redefine the requirement. Insistence on an unnecessarily high performance
requirement may be completely impractical. In every industry, in every corner of the world,
striving for quality has become a popular activity, applied with more or less success depending
on the organization and its level of commitment. It should be recognized that quality is not an
accident, rather, it should be planned. Quality cannot be inspected into a product after it is made.
Instead, the inspection criteria are only to verify that quality criteria are being achieved. The
complexity of management of quality within an organization depends on the complexity of the
product and the process as well as on the performance criterion. Once a customer's requirement
is accepted, quality is the producer's responsibility.
1.5.1.2.

Quality control

Quality control can be defined as the controls applied at each manufacturing stage to
consistently produce a quality product or in another way it is said to be the applications of
operational techniques and activities which sustain quality of a product or service that will
satisfy given needs, also the use of such techniques and activities. The concept of total quality
control is defined as a system for defining, controlling and integrating all company activities
which enable economic production of goods or services that will give full customer satisfaction.
The word "control" represents a management tool with four basic steps, namely, setting quality
standards, checking conformance with the standards, acting when the standards are not met and
assessing the need for changes in the standards.
1.5.1.3.

Standardization

The objective of most non-destructive testing methods is to detect internal defects with respect
to their nature, size and location. This is done by different methods depending upon their
inherent capability or sensitivity to flaw detection. A method is said to have a good or high
sensitivity of flaw detection when it can detect relatively smaller flaws and vice versa. The
sensitivity of flaw detection for different NDT methods depends upon a number of variable
factors. Now imagine that someone is to perform, say, ultrasonic testing of circumferential
welds in steel pipes of 50 cm diameter having a 10 cm wall thickness. He will undertake
extensive experimentation to establish the values of different variable factors to evolve a
method which gives reliable and reproducible results of desired sensitivity. This person is wise
enough to carefully write down his procedure for testing of pipe welds. If someone else
anywhere had a problem of ultrasonically inspecting pipe welds of similar specifications, there
would be two options open to him. First he could undertake all the extensive experimentation
involving lot of time, effort and money, and second he could request the first person and use
his procedure which was known to be giving reliable and reproducible results of desired
sensitivity. Many persons in one city, country or different countries could use this method as a
guide or recommended procedure or practice. These many persons might sometimes get
together in a meeting, conference or a committee to exchange their views and experience related
to this procedure. They might mutually agree on a standard procedure for ultrasonic testing of
circumferential welds in steel pipes of 50 cm diameter and 10 cm wall thickness and
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recommend it to the standard issuing authority of their country to issue this as a national
standard. Some such standards issued by the standard issuing authority of the country could be
taken up by the legislature or parliament of the country and their use made obligatory by law.
This briefly explains in very simple terms the otherwise complex and time consuming process
of formulation and issuance of codes and standards.
1.5.2.

Development of a quality system

As the name suggests, quality system is a method for quality assurance which means taking of
all those planned and systematic actions necessary to assure that the item is being produced to
optimum quality level and it will, with adequate confidence, perform satisfactorily in service.
Quality assurance is aimed at doing things right the first time and involves a continuing
evaluation of the adequacy and effectiveness of the overall quality control programme with a
view to having corrective measures initiated where necessary. For a specific product or service
this involves verification audits and evaluation of quality factors that affect the production or
use of the product or service. Quality assurance is quality control of the quality control system.
It is an effective method of attaining and maintaining the desired quality standards. It is based
on the fact that quality is the responsibility of the entire organization and that inspection alone
does not assure quality or more precisely, does not assure conformance to requirements of the
control or customer order. This applies not only to complex products such as satellites or nuclear
submarines, but also to simple products such as nails or pipe fittings. Regardless of the product
or service involved, the essentials of an effective quality assurance system include:
(a) Independence of the quality assurance department from the design and production
departments;
(b) Standards of quality that reflect both the needs of the customer and the characteristics
of the manufacturing process;
(c) Written procedures that cover all phases of design, production, inspection, installation
and service, with a programme for continuous review and update of these procedures;
(d) Control of the flow of documents such as order entry, order changes, specifications,
drawings, route slips, inspection tickets and shipping papers;
(e) Methods for maintenance of part identity which must establish traceability through the
process;
(f)

Methods for timely detection and segregation of non-conforming material which must
also include programmes for corrective action;

(g)

Schedules for periodic calibration of inspection equipment;

(h)

Schedules for retaining important records;

(i)

Programmes for training and qualification of key production and inspection
personnel;

(j)

Systems for control of specifications incorporated into purchase order; for control of
the quality of purchased goods and for appropriate inspection of purchased goods;

(k)

Systems for control of manufacturing, assembly and packaging processes, including
inspection at key points in the process flow;

(l)

A system for periodic audit of any or all of the above by persons having no direct
responsibility in the area being audited.
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The quality assurance system is an evaluation or audit of each one of these subsystems to
determine how effectively the functions are being performed. Evaluations are usually
conducted each year to determine which elements and subsystems need improvement. The
overall rating provides a comparison with past performance or with other plants of a multi-plant
corporation. These subsystems are briefly described in the following sections.
1.5.2.1.

Independence of quality assurance department

Responsibility for the development, operation and monitoring of an effective quality assurance
programme in a plan usually rests with the quality assurance manager. Companies having
several plants may have a corporate quality assurance department that reviews and coordinates
the system for the entire organization. To be effective this should be an independently staffed
department that reports directly to an upper level manager such as general manager, vice
president or president. The quality assurance department should be free to devise and
recommend specific systems and procedures and require corrective action at their discretion.
1.5.2.2.

Establishment of quality standards

No single quality level is necessary or economically desirable for universal use; the quality
requirements of a paper clip are obviously quite different from those of a nuclear reactor. Many
professional groups, trade associations and government agencies have established national
codes and standards. However these codes and standards generally cover broad requirements,
whereas a set of detailed rules for each product or class of products is required for the control
of quality. In most plants it is the responsibility of the quality assurance manager to interpret
national codes and standards in terms of the purchase order and from these to devise process
rules uniquely suited to the specific products and manufacturing methods used in that particular
plant. The set of process rules thus devised may be known by various names: in these training
notes it will be called an 'operating practice description'. There may be thousands of operating
plant descriptions in plant files, each varying from the others as dictated by code or customer
requirements, limits on chemical composition or mechanical properties, or other special
characteristics. Large plants may have computerized storage systems permitting immediate
retrieval of part or all of the operating practice descriptions at key locations throughout the
plant.
1.5.2.3.

Written procedures

Written procedures are of prime importance in quality assurance. Oral instructions can be
inadequately or incorrectly given and thus misunderstood and incorrectly followed. Clear and
concise written instructions minimize the likelihood of misinterpretation. Vague
generalizations that do neither assign specific responsibilities nor determine accountability in
case of error must be avoided. For instance, procedures should be specific regarding the type
and form of inspection records, the identity of the individual who keeps the records and where
the records are kept. Similarly, a calibration procedure should not call for calibration at 'periodic
intervals' but should specify maximum intervals between calibrations. Depending on the type
of equipment, calibration may be performed at intervals ranging from a few hours to a year or
more.
1.5.2.4.

Control of document flow

The original purchase order, which is often less than one page in length, may generate hundreds
of other working papers before the ordered material or part is shipped. All paperwork must be
accurate and must reach each work station on time. In some industries where there may be an
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average of two or more specifications or drawing changes per order, an effective system of
material tracking that is separate and distinct from material identification is necessary. Control
of document flow places direct responsibility on departments not usually associated with
quality control. The sales office (which is responsible for entry of the customer order), the
production planning group (which is responsible for scheduling work and tracking material)
and the accounting department (which is responsible for billing and shipping) are all involved.
Many large plants have computerized order systems, the heart of which is an 'active order file'.
This computer file receives periodic inputs to update information on specifications, drawings,
material sizes, shop operations, shipping and routing. In turn this file may be accessible from
various terminals in the sales office, home office or plant, when information is needed on
material location, order status and the like.
1.5.2.5.

Maintaining identity and traceability of materials

In high speed manufacturing operations, particularly those involving hot work, identity
markings on the raw material (such as paint mark, stencils or stamps) are usually destroyed
during processing. In such instances, procedures must be devised for maintaining identity not
by marking alone but also by location and count. These procedures sometimes must provide for
traceability of individual units of products by a method suitable for the product and process and
must include any additional identity that the customer may require. Ultimately both producer
and customer must be confident that the goods actually delivered are described accurately in
the shipping papers, test reports and certificates of compliance. This confidence is of great
importance in certain applications in the aerospace and nuclear industries.
1.5.2.6.

Non-conforming material and corrective action

A system for detection and segregation of non-conforming material requires:
(a) Written inspection instructions that can be clearly understood;
(b) Identified, segregated holding areas for parts that have been rejected;
(c) A structured group (sometimes called a materials review board) to evaluate rejected
material, make final judgement on its fitness for use, decide what is to be done with
nonconforming material and prescribe action for the cause of rejection.
In many instances rejected parts are only slightly out of tolerance and their usefulness is not
impaired. Even so, all decisions of a materials review board to accept non-conforming material
must be unanimous. In the absence of unanimity, the problem may be referred to top
management for a decision based on overall business judgement. In some companies, the
authority of the materials review board is limited to merely deciding whether or not nonconforming material is fit for use. However, in many companies the board also determines what
is to be done with nonconforming lots; whether they are to be shipped 'as is', sorted, repaired or
scrapped, and fixes the accountability for incurred losses. When corrective action is
recommended by a materials review board, it is usually systems oriented, that is, intended to
prevent recurrence of the non-conformity by avoiding its cause. In instances where a lot has
been rejected because the acceptance number for a sampling plan has been exceeded, decisions
concerning disposition of the lot often are made on the basis of costs, the solution that results
in the least total cost to both producer and customer is adopted. Sometimes, material that is
slightly out of tolerance and therefore not fit for use by one customer may meet the
specifications of another customer.
1.5.2.7.
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Calibration of equipment

The quality assurance system must recognize that the accuracy and repeatability of measuring
and testing equipment may be affected by continued use; maximum intervals between
calibrations should be specified in the written quality assurance procedures. Except perhaps for
small hand instruments such as micrometers, each testing machine or instrument should be
plainly labelled with the last date of calibration. Calibration standards should be traceable to
recognized industry or national standards of measurement. It is also desirable to maintain a
central file of calibration records for each plant or department.
1.5.2.8.

Retention of records

A quality assurance system must designate which records are to be retained and must set down
minimum time periods for retention of such records. It is usual for important documents to be
retained for 25 years or more; the nuclear industry is required to maintain records for 40 years.
Retention time, however, should be consistent with real needs as dictated by projected lifetime
of products or by legal requirements. Besides satisfying certain contractual or other legal
requirements, retained records can provide important cost benefits to both producer and
customer. In one instance, extensive and costly testing of a 50 years old structure prior to repair
was avoided when the fabricator was able to produce original drawing and material test reports.
1.5.2.9.

Personnel training and qualification

National codes exist for the qualification of certain specialized workers, for instance welders
and inspectors. When applicable, codes should be incorporated as minimum requirements for
training and qualification of key personnel. All of these, however, must be supplemented by
local written procedures for both on-the-job and classroom training. Quality assurance
management must reduce complex procedures to the simplest form that will permit a trainee to
understand exactly what the job is and how it is to be performed.
1.5.2.10. Control of purchased material
All specifications and orders for outside purchases of material whose performance may affect
product quality should be subject to approval by quality assurance management. Inspection of
incoming material should be subject to approval by quality assurance management. Inspection
of incoming material should be incorporated into the quality assurance programme. The main
purpose of receiving inspection is to check for failures of vendor quality programmes, but
receiving inspection should not be expected to compensate for poor quality control by vendors.
The purchaser should evaluate and periodically audit the quality assurance system of each major
supplier to make sure that the purchased material can be expected to have the specified level of
quality.
1.5.2.11. Manufacturing, assembly and packaging
All manufacturing, assembly and packaging processes should be controlled to ensure
attainment of the finished product of the right quality at the time of its reaching the customer.
Design drawings and the processes of manufacturing and assembly should be assessed whether
appropriate methods of adequate capability and sensitivity are being applied and whether the
results being obtained are reliable and reproducible or not. The tests should be applied at
appropriate stages during manufacture and all test reports should be properly signed by
authorized persons. All manufacturing, testing, assembly and packing should be done according
to verifiable written procedures.
1.5.2.12. Quality audit
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Quality audit is an independent evaluation of various aspects of quality performance to provide
information with respect to that performance. Quality audits are usually made by companies to
evaluate their own quality performance, by buyers to evaluate the performance of their vendors,
by regulatory agencies to evaluate the performance of organizations which they are assigned to
regulate. Purpose of audit is to provide assurance that:
(a) Procedures for attaining quality are such that, if followed, the intended quality will be
obtained;
(b) Products are fit for use and safe for the user;
(c) Laws and regulations are being followed;
(d) There is conformance to specifications;
(e) Written procedures are adequate and being followed;
(f) The data system is able to provide adequate information on quality;
(g) Corrective action is being taken with respect to deficiencies;
(h) Opportunities for improvements are identified.
For an internal quality audit typically the organization is divided up into its component parts
and each area is audited. The time taken depends on the size of the organization. For a small
NDT organization one could audit the following:
(a) Documentation of NDT procedures;
(b) Control of stores;
(c) Receipt of job instructions;
(d) Purchasing of equipment and accessories;
(e) Maintenance of equipment and accessories;
(f) Calibration of equipment;
(g) Contract administration;
(h) Safety;
(i) Accounting;
(j) Office administration, e.g. wages, leave, superannuation;
(k) Organizational structure;
(l) Research and development;
(m) Reports and records.
A periodic audit of quality of the system performance against written standard is needed to
detect corner-cutting, non-compliance and intentional violations of established quality
procedures. To be as unbiased as possible, such audits should be performed by persons not
having responsibility in the area being audited. In companies having multiple plants, each
individual plant may conduct its own internal audit, but in addition should be subject to audit
by corporate staff personnel. The most important activities of corporate staff aside from auditing
are review of the quality system with the highest level of plant management and follow up to
approve corrective action for any discrepancies found during an audit. Periodic review of the
quality assurance system and reaffirmation of quality objectives by top management should be
part of company policy. This will in part ensure long range viability of the business enterprise.
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1.5.3.
1.5.3.1.

Examination, testing and inspection
Examination and testing

Examination and testing are those quality control functions which are carried out, during the
fabrication of an industrial product, by quality persons who are employees of the manufacturer.
Testing may also be defined as the physical performance of operations (tests) to determine
quantitative measures of certain properties. Most of the non-destructivenon-destructive testing
is performed under this heading.
1.5.3.2.

Inspection

Inspections are the quality control functions which are carried out, during the fabrication of an
industrial product by an authorized inspector. They include measuring, examining, testing,
gauging or otherwise comparing the findings with applicable requirements. An authorized
inspector is a person who is not the employee of the manufacturer of an industrial product but
who is properly qualified and has the authority to verify to his satisfaction that all examinations
specified in the construction code of the product have been made to the requirements of the
referencing section of the construction code.
1.5.4.
1.5.4.1.

Standards, codes, specifications and procedures
Guides and recommended practices

Guides and recommended practices are standards that are offered primarily as aids to the user.
They use verbs such as "should" and "may" because their use is usually optional. However, if
these documents are referenced by codes or contractual agreements, their use may become
mandatory. If the codes or agreements contain non-mandatory sections or appendices, the use
of referenced guides and recommended practices by them, are at the user's discretion.

1.5.4.2.

Standards

Standards are documents that govern and guide the various activities occurring during the
production of an industrial product. Standards describe the technical requirements for a
material, process, product, system or service. They also indicate as appropriate, the procedures,
methods, equipment or tests to determine that the requirements have been met.
1.5.4.3.

Codes and specifications

Codes and specifications are similar types of standards that use the verbs "shall" or "will" to
indicate the mandatory use of certain materials or actions or both. Codes differ from
specifications in that their use is mandated with the force of law by governmental jurisdiction.
The use of specifications becomes mandatory only when they are referenced by codes or
contractual documents. A prime example of codes is the ASME boiler and pressure vessel code
which is a set of standards that assure the safe design, construction and testing of boilers and
pressure vessels.
1.5.4.4.

Procedure
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In non-destructivenon-destructive testing, a procedure is an orderly sequence of rules or
instructions which describe in detailed terms where, how and in which sequence an NDT
method should be applied to a production.
1.5.5.

Protocols, records and reports

1.5.5.1.

Protocols

The rules, formalities, etc., of any procedure, group, etc. (The Concise Oxford Dictionary 8th
Edition).
1.5.5.2.

Report

A report of a non-destructive examination or of testing is a document which includes all the
necessary information required to be able to:
(a)

Take decisions on the acceptance of the defects by the examination;

(b)

Facilitate repairs of unacceptable defects;

(c)

Permit the examination or testing to be repeated.

1.5.5.3.

Records

Records are documents which will give, at any time in the future, the following information
about a non-destructive testing examination, (i) the procedure used to carry out the examination,
(ii) the data recording and data analyzing techniques used, and (iii) the results of the
examination.

98

2.

CHAPTER 2. TERMINOLOGY, PHYSICAL PRINCIPLES AND
FUNDAMENTALS OF ULTRASONICS

2.1.THE NATURE OF ULTRASONIC WAVES
Ultrasonic waves, like sound waves are mechanical vibrations having frequencies above the
audible range. The audible range of frequencies is usually taken from 20 Hz to 20 kHz. Sound
waves with frequencies higher than 20 kHz are known as ultrasonic waves. In general ultrasonic
waves of frequency range 0.5 MHz to 20 MHz are used for the testing of materials. They can
propagate in solid, liquid and gas but not in vacuum. Sound can travel in the form of beam
similar to that of light and follows many of the physical rules of light. Ultrasonic beam can be
reflected, refracted, scattered or diffracted.
Ultrasound is a form of mechanical vibration. To understand how ultrasonic motion occurs in
a medium it is necessary to understand the mechanism which transfers the energy between two
points in a medium. This can be understood by studying the vibration of a weight attached to a
spring Figure 2.1a.

FIG. 2.1. (a) Weight attached to a spring, (b) Plot of displacement of W with time with respect to position A.

The two forces acting on W, while it is at rest, are force of gravity G and tension T in the spring.
Now if W is moved from its equilibrium position A to position B, tension T increases. If it is
now released at position B, W would accelerate towards position A under the influence of this
increase in tension. At A the gravity G and tension T will again be equal, but as now W is
moving with a certain velocity, it will overshoot A. As it moves towards position C, tension T
decreases and the relative increase in gravity G tends to decelerate W until it has used up all its
kinetic energy and stops at C. At C, G is greater than T and so W falls towards A again. At A
it possesses kinetic energy and once more overshoots. As W travels between A and B, T
gradually increases and slows down W until it comes to rest at B. At B, T is greater than G, and
the whole process again.
The sequence of displacements of W from position A to B, B to A, A to C and C to A, is termed
a cycle. The number of such cycles per second is defined as the frequency of vibration. The
time taken to complete one cycle is known as the time period T of the vibration, where T = 1/f.
The maximum displacement of W from A to B or A to C is called the amplitude of vibration.
All these concepts are illustrated in Figure 2.1b.

99

All materials are made of atoms (or molecules) which are connected to each other by
interatomic forces. These atomic forces are elastic, i.e. the atoms can be considered to be
connected to each other as if by means of springs. A simplified model of such a material is
shown in Figure 2.2.

FIG.2.2. Model of an elastic material.

Now if an atom of the material is displaced from its original position by an applied stress, it
would start to vibrate like the weight W of Figure 2.1a. Because of the interatomic coupling,
vibration of this atom will also cause the adjacent atoms to vibrate. When the adjacent atoms
have started to vibrate, the vibratory movement is transmitted to their neighbouring atoms and
so forth. If all the atoms were interconnected rigidly, they would all start their movement
simultaneously and remain constantly in the same state of motion, i.e. in the same phase. But
since the atoms of a material are connected to each other by elastic forces instead, the vibration
requires a certain time to be transmitted and the atoms reached later lag in phase behind those
first excited.
When a mechanical wave traverses a medium, the displacement of a particle of the medium
from its equilibrium position at any time ‘𝑡’ is given by:
(2.1)
𝑎 = 𝑎 sin 2𝜋 𝑓𝑡
Where,
a = displacement of the particle at time ‘𝑡’
a = amplitude of vibration of the particle and
𝑓 = frequency of vibration of the particle.
A graphical representation of Equation 2.1 is given in Figure 2.3.

FIG. 2.3. Graphical representation showing variation of particle displacement with time.
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Equation 2.2 is the equation of motion of a mechanical wave through a medium. It gives the
state of the particles (i.e. the phase) at various distances from the particle first excited at a certain
time ‘t’.
(2.2)
𝑎 = 𝑎 sin 2𝜋 𝑓( )
Where,
𝑎 = displacement (at a time‘𝑡’ and distance ‘𝑥’ from the first excited particle) of a particle of
the medium in which mechanical wave is
travelling
𝑎 = amplitude of the wave which is the same as that of the amplitude of
particles of the medium

vibration of the

v = velocity of propagation of the wave
f = frequency of the wave
x = distance of the particle from the first excited particle
Figure 2.4 gives the graphical representation of Equation 2.2.

FIG. 2.4. Graphical representation of Equation 2.2.

Since in the time period T, a mechanical wave of velocity ‘𝑣’ travels a distance ‘’ in a medium,
therefore we have:
𝑣 = /𝑇

(2.3)

But the time period ‘T’ is related to the frequency ‘𝑓 ’ by:
𝑓=1 𝑇

(2.4)

Combining Equations 2.3 and 2.4 we have the fundamental equation of all wave motion, i.e.
𝑣 = 𝑓

(2.5)

In Equation 2.5 if ‘𝑓’ is in Hz, ‘’ in mm then ‘𝑣’ is in mm/s. Alternatively if ‘𝑓’ is in MHz,
‘’ in mm then ‘𝑣’ is in km/s.
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2.2. CHARACTERISTICS OF WAVE PROPAGATION
2.2.1.

Frequency

The frequency of a wave is the same as that of the vibration or oscillation of the atoms of the
medium in which the wave is travelling. It is usually denoted by the letter ‘𝑓’ and is expressed
as the number of cycles per second. The international term for a cycle per second is named after
the physicist H. Hertz and is abbreviated as Hz.
1 Hz

=

1 cycle per second

1 kHz

=

1,000 Hz

= 1,000 cycles per second

1 MHz =

1,000,000 Hz

= 1,000,000 cycles per second

1 GHz =

1,000,000,000 Hz

= 1,000,000,000 cycles per second

Frequency plays an important role in the detection and evaluation of defects.
2.2.2.

Amplitude

The displacement of the weight from its position of rest in Figure 2.1 and that of the particles
of a medium in Figures 2.3 and 2.4 is called the amplitude. In Equation 2.2 ‘𝑎’ is the amplitude
at any time ‘𝑡’ while ‘𝑎 ’ is the maximum amplitude.
2.2.3.

Velocity

The speed with which energy is transported between two points in a medium by the motion of
waves is known as the velocity of the waves. It is usually denoted by the letter ‘𝑣’. SI unit of
velocity is meter per second (m/s).
2.2.4.

Wavelength

During the time period of vibration T, a wave travels a certain distance in the medium. This
distance is defined as the wavelength of the wave and is denoted by the Greek letter . Atoms
in a medium, separated by distance ‘’ will be in the same sate of motion (i.e. in the same phase)
when a wave passes through the medium.
The relationship between ‘’ ‘𝑓’ and ‘𝑣’ is given in Equation 2.5 which shows that in a
particular medium the wavelength is the reciprocal of frequency. Therefore, higher the
frequency shorter the wavelength and vice versa. In practical testing usually flaws of the order
of /2 or /3 can be detected. Therefore smaller the wavelength, smaller are the detectable
defects. Thus smaller wavelength or higher frequency ultrasound waves provide a better flaw
sensitivity. This is further elaborated by the following example.
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Example : Compare the flaw sensitivities for probes of frequencies 1 MHz and 6 MHz in steel.
Let us assume that flaw sensitivity is of the order of /3. Then for a 1 MHz frequency we have
Flaw sensitivity
= /3 = 1.98 mm
 = 𝑣/𝑓
= (5940 (for steel) × 1000)/(1 × 1000000) mm
= 5.94 mm
For the 6 MHz frequency we have


= (5940 × 1000) / (6 × 1000000) mm = 0.99 mm

Flaw sensitivity = /3 = 0.33 mm
2.2.5.

Acoustic impedance

The resistance offered to the propagation of an ultrasonic wave by a material is known as the
acoustic impedance. It is denoted by the letter ‘Z’ and is determined by multiplying the density
of the material by the velocity ‘v’ of the ultrasonic wave in the material, i.e.
Z= 𝜌𝑣

(2.6)

The value of the acoustic impedance for a given material depends only on its physical properties
and thus to be independent of the wave characteristics and the frequency. Values of acoustic
impedances for a number of familiar materials are given in Table 2-I.
2.2.6.

Acoustic Pressure

Acoustic pressure is a term most often used to denote the amplitude of alternating stresses on a
material by propagating ultrasonic wave. Acoustic pressure ‘P’ is related to the acoustic
impedance ‘Z’ and the amplitude of particle vibration ‘a’ as:
P=Z𝑎
2.2.7.

(2.7)

Acoustic Intensity

The transmission of mechanical energy by ultrasonic waves through a unit cross section area,
which is perpendicular to the direction of propagation of the waves, is called the intensity of
the ultrasonic waves. Intensity of the ultrasonic waves is commonly denoted by the letter ‘I’.
Intensity ‘I’ of ultrasonic waves is related to the acoustic pressure P, acoustic impedance ‘Z’
and the amplitude of vibration of the particles ‘𝑎’ as:
𝐼 = 𝑃 /2𝑍

(2.8)

𝐼 = 𝑃 𝑎/2

(2.9)

and
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TABLE 2.1. DENSITIES, SOUND VELOCITIES AND ACOUSTIC IMPEDANCES OF SOME COMMON
MATERIALS

Material

air
aluminium
aluminium oxide
barium titanate
brass
cast iron
concrete
copper
epoxy resin
glass
glycerine
grey casting
lead
magnesium
motor oil
nickel
nylon
olive oil
teflon
perspex
polyamide (nylon)
polyethylene
polystyrol
Polyvinylchloride (pvc hard)
quartz
quartz glass
rubber vulcanized
silver
steel (low alloy)
steel (calibration block)
steel (stainless)
titanium
tungsten
tungsten avaldite
uranium
water
zirconium
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Density
Kg/m3

𝒗𝒕
m/s

𝒗𝒍
m/s

1.3
2700
3600
5400
8100
6900
2000
8900
1170
3600
1300
7200
11400
1700
870
8800
1140
900
2200
1180
1100
940
1060
1400
2650
2600
1200
10500
7850
7850
7800
4500
19300
10500
18700
1000
6400

3130
5500
2120
2200
2260
1100
2560
2650
700
3050
2960
550
1430
1080
925
1150
1060
3515
1590
3250
3250
3130
3120
2880
2020
2300

330
6320
9000
5000
4430
5300
4600
4700
2650
4260
1920
4600
2660
5770
1740
5630
2700
1400
1350
2730
2620
2340
2380
2395
5760
5570
2300
3600
5940
5920
5740
5990
5170
2060
3370
1480
4650

Z
×

103 Kg

m-2 s-1

0.430
17064
32400
27000
35883
24150
9200
41830
3150
15336
2496
33120
24624
9809
1514
49544
3000
1300
3000
3221
2882
2200
2523
3353
15264
14482
2800
37800
46620
46472
44800
27000
100000
21650
63000
1480
29800

2.3. TYPES OF ULTRASONIC WAVES AND THEIR APPLICATIONS
Ultrasonic waves are classified on the basis of the mode of vibration of the particles of the
medium with respect to the direction of propagation of the waves, namely longitudinal,
transverse, surface and lamb waves. The major differences of these four types of waves are
discussed below:
2.3.1.

Longitudinal or Compressional Waves

In this type of ultrasonic wave alternate compression and rarefaction zones are produced by the
vibration of the particles parallel to the direction of propagation of the wave. Figure 2.5
represents schematically a longitudinal ultrasonic wave.

FIG.2.5. Longitudinal wave consisting of alternate rarefactions and compressions along the direction of propagation.

Because of its easy generation and detection, this type of ultrasonic wave is most widely used
in ultrasonic testing. Almost all of the ultrasonic energy used for the testing of materials
originates in this mode and is then converted to other modes for special test applications. This
type of wave can propagate in solids, liquids and gases.
2.3.2.

Transverse or shear waves

This type of ultrasonic wave is called a transverse or shear wave because the direction of particle
displacement is at right angles or transverse to the direction of propagation. It is schematically
represented in Figure 2.6.
The transmission of this wave type through a material is most easily illustrated by the motion
of a rope as it is shaken. Each particle of the rope moves only up and down, yet the wave moves
along the rope from the excitation point.
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FIG.2.6. Schematic representation of a transverse wave.

For such a wave to travel through a material it is necessary that each particle of material is
strongly bound to its neighbours so that as one particle moves it pulls its neighbour with it, thus
causing the ultrasound energy to propagate through the material with a velocity which is about
50 percent that of the longitudinal velocity.
For all practical purposes, transverse waves can only propagate in solids. This is because the
distance between molecules or atoms, the mean free path, is so great in liquids and gases that
the attraction between them is not sufficient to allow one of them to move the other more than
a fraction of its own movement and so the waves are rapidly attenuated.
2.3.3.

Surface or Rayleigh waves

Surface waves were first described by Lord Rayleigh and that is why they are also called
Rayleigh waves. These type of waves can only travel along a surface bounded on one side by
the strong elastic forces of the solid and on the other side by the nearly non-existent elastic
forces between gas molecules. Surface waves, therefore, are essentially non-existent in a solid
immersed in a liquid, unless the liquid covers the solid surface only as a very thin layer. The
waves have a velocity of approximately 90 percent that of an equivalent shear wave in the same
material and they can only propagate in a region no thicker than about one wavelength beneath
the surface of the material. At this depth, the wave energy is about 4 percent of the energy at
the surface and the amplitude of vibration decreases sharply to a negligible value at greater
depths.

FIG. 2.7. Diagram of surface wave propagating at the surface of a metal along a metal-air interface.
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In surface waves, particle vibrations generally follow an elliptical orbit, as shown schematically
in Figure 2.7.
The major axis of the ellipse is perpendicular to the surface along which the waves are
travelling. The minor axis is parallel to the direction of propagation. A practical method of
generating surface waves is given in Section 2.4.2.2.
Surface waves are useful for testing purposes because the attenuation they suffer for a given
material is lower than for an equivalent shear or longitudinal waves and because they can travel
around corners and thus be used for testing quite complicated shapes. Only surface or near
surface cracks or defects can be detected, of course.
2.3.4.

Lamb or plate waves

If a surface wave is introduced into a material that has a thickness equal to three wavelengths,
or less, of the wave then a different kind of wave, known as a plate wave, results. The material
begins to vibrate as a plate, i.e. the wave encompasses the entire thickness of the material. These
waves are also called Lamb waves because the theory describing them was developed by
Horace Lamb in 1916. Unlike longitudinal, shear or surface waves, the velocities of these waves
through a material are dependent not only on the type of material but also on the material
thickness, the frequency and the type of wave.
Plate or Lamb waves exist in many complex modes of particle movement. The two basic forms
of Lamb waves are (a) symmetrical or dilatational and (b) asymmetrical or bending. The form
of the wave is determined by whether the particle motion is symmetrical or asymmetrical with
respect to the neutral axis of the test piece. In symmetrical Lamb (dilatational) waves, there is
a longitudinal particle displacement along neutral axis of the plate and an elliptical particle
displacement on each surface Figure 2.8.

FIG.2.8.Lamb wave Modes.
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This mode consists of the successive thickening and thinning in the plate itself as would be
noted in a soft rubber hose if steel balls, larger than its diameter, were forced through it. In
asymmetrical (bending) Lamb waves, there is a shear particle displacement along the neutral
axis of the plate and an elliptical particle displacement on each surface Figure 2.8. The ratio of
the major to minor axes of the ellipse is a function of the material in which the wave is being
propagated. The asymmetrical mode of Lamb waves can be visualized by relating the action to
a rug being whipped up and down so that a ripple progresses across it.
2.3.5.

Velocities for longitudinal, transverse, and surface waves

The velocity of propagation of longitudinal, transverse, and surface waves depends on the
elastic modulus and the density of the material, and in the same material it is independent of
the frequency of the waves and the material dimensions.
Velocities of longitudinal, transverse and surface waves are given by the following equations.
(2.10)
𝐸(1 − 𝜇)
𝜌 (1 + 𝜇)(1 − 2𝜇)

𝑣 =

(2.11)
𝐺
2𝜌 (1 + 𝜇)

𝑣 =

(2.12)
𝑣 = 0.9 𝑣
Where
𝑣 =

velocity of longitudinal waves

𝑣 =

velocity of transverse waves

𝑣 =

velocity of surface waves

E =

Young's modulus of elasticity

G=

modulus of rigidity

ρ =

density of the material

μ =

Poission ratio

For steel
𝑣 /𝑣

=

0.55

(2.13)

The velocity of propagation of Lamb waves depends not only on the material density but also
on the type of wave itself and on the frequency of the wave.
Table 2-I gives the velocities of longitudinal and transverse waves in some common materials.
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2.4. BEHAVIOUR OF ULTRASONIC WAVES
2.4.1.

Reflection and transmission at normal incidence

2.4.1.1.Reflected and transmitted intensities
When ultrasonic waves are incident at right angles to the boundary (i.e. normal incidence) of
two media of different acoustic impedances, then some of the waves are reflected and some are
transmitted across the boundary. The surface at which this reflection occurs is also called an
interface. The amount of ultrasonic energy that is reflected or transmitted depends on the
difference between the acoustic impedances of the two media. If this difference is large then
most of the energy is reflected and only a small portion is transmitted across the boundary.
While for a small difference in the acoustic impedances most of the ultrasonic energy is
transmitted and only a small portion is reflected back.
Quantitatively the amount of ultrasonic energy which is reflected when ultrasonic waves are
incident at the boundary of two media of different acoustic impedances Figure 2.9, is given by:
Reflection coefficient =
R=

I

Intensity of reflected waves at the boundary
Intensity of incident waves at the boundary

I = (Z − Z ) /(Z + Z )

(2.14)

Where,
R =

reflection coefficient

Z1 =

acoustic impedance of medium 1

Z2 =

acoustic impedance of medium 2

Ir =

reflected ultrasonic intensity

Ii =

incident ultrasonic intensity

FIG.2.9. Reflection and transmission at normal incidence.

The amount of energy that is transmitted across the boundary is given by the relation:
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Transmission coefficient =
T=

I

Intensity of transmitted waves at the boundary
Intensity of incident waves at the boundary

I = 4Z Z /(Z + Z )

(2.15)

Where
T =

transmission coefficient

Z1 =

acoustic impedance of medium 1

Z2 =

acoustic impedance of medium 2

It =

transmitted ultrasonic intensity

Ii =

incident ultrasonic intensity.

The transmission coefficient T can also be determined from the relation:
T= 1−R

(2.16)

Where
T =

Transmission coefficient

R =

Reflection coefficient

Using the values of the characteristic impedances given in Table 2-I reflection and transmission
coefficients can be calculated for pairs of different materials. The equations show that the
transmission coefficient approaches unity and the reflection coefficient tends to zero when Z1
and Z2 have approximately similar values. The materials are then said to be well matched or
coupled. On the other hand, when the two materials have substantially dissimilar characteristic
impedances, e.g. for a solid or liquid in contact with a gas, the transmission and reflection
coefficients tend to zero and 100 percent, respectively. The materials are then said to be
mismatched or poorly coupled.
Example:
What would be the percentage of acoustic energy reflected and transmitted at the interface
between water and aluminum.
From Table 2-I we have the following data:
Zw

= Z1

= 1480 ×103 kg m-2s-1

Z Al

= Z2

= 17064×103 kg m-2 s-1

Reflection Coefficient R =

I

I = (Z − Z ) /(Z + Z )
(17064 − 1480)
=
(17064 + 1480)
= 0.706

% reflection

= 0.706 × 100
= 70.6%

Transmission coefficient (T) = 4Z Z /(Z + Z )
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= 4 × 17064 × 1480 / (17064+1480)2
= 0.294
% Transmission = 0.294 x 100
= 29.4%
Example:
What percentages of the original sound energy will be reflected and transmitted at the water to
steel interface. Also calculate the percentage of the original sound energy that will finally enter
the water on its way back to the transducer from the back surface of the steel part. Show the
results with the help of a diagram.

FIG.2.10. Reflection and transmission at normal incidence.

Using Table 2-I we have the following data:
Zwater = Z1 = 1480 x 103 kg m-2 s-1
Zsteel = Z2 = 46620x103 kg m-2 s-1
Reflection coefficient (R)

= (1.48 – 46.62)2 / (1.48 + 46.62)2
= 2037.6 / 2313.6
= 0.88

% reflection

= 0.88 x 100 = 88%

Transmission coefficient (T)

= (4Z1 Z2) / Z1+Z2)2
= (4 x 1.48 x 46.62) / (1.48+46.62)2
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= (275.99) / (2313.6)
= 0.12
% transmission

= 0.12 x 100 = 12%

Therefore 12% of the energy is transmitted into the steel test piece. At the back it faces a steel
water interface. 88% of this 12% is reflected back from the backwall. This comes to 10.6%
which comes up and encounters the steel water boundary once again. At this 88% of 10.6% is
reflected back into the test specimen. This comes out to 9.3%. The remaining (10.6 – 9.3) which
comes to about 1.3% finally enters the water.
2.4.2.

Reflection and transmission at oblique incidence

2.4.2.1.Refraction and mode conversion
If ultrasonic waves strike a boundary at an oblique angle, then the reflection and transmission
of the waves become more complicated than that with normal incidence. At oblique incidence
the phenomena of mode conversion (i.e. a change in the nature of the wave motion) and
refraction (a change in the direction of wave propagation) occur.
Figure 2.11 shows what happens when a longitudinal wave strikes obliquely a boundary
between two media. The incident longitudinal wave splits up into two components, one
longitudinal and the other transverse and this happens for both the reflected as well as refracted
parts. L1 and S1 denote respectively longitudinal and shear waves in medium 1 while L2 and
S2 denote these waves in medium 2. Of course there will be no reflected transverse component
or refracted transverse component if either medium 1 or medium 2 is not solid. Figure 2.11
gives all the reflected and transmitted waves when a longitudinal ultrasonic wave strikes a
boundary between two media. The refracted transverse component in medium 2 will disappear
if medium 2 is not a solid.

FIG.2.11. Refraction and mode conversion for an incident longitudinal wave.

𝛼 = Angle of incidence of longitudinal wave
𝛼 = Angle of reflection of transverse wave
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𝛽 = Angle of refraction of longitudinal wave
𝛽 = Angle of refraction of transverse wave
2.4.2.2.

Snell's law

The general law that, for a certain incident ultrasonic wave on a boundary, determines the
directions of the reflected and refracted waves is known as Snell's Law. According to this law
the ratio of the sine of the angle of incidence to the sine of the angle of reflection or refraction
equals the ratio of the corresponding velocities of the incident, and reflected or refracted waves.
Mathematically Snell's Law is expressed as:

𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑤𝑎𝑣𝑒
𝑆𝑖𝑛(𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑎𝑛𝑔𝑙𝑒)
=
𝑆𝑖𝑛(𝑟𝑒𝑓𝑟𝑎𝑡𝑒𝑑 𝑜𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑎𝑛𝑔𝑙𝑒) 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑒𝑑 𝑜𝑟 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑤𝑎𝑣𝑒
𝑆𝑖𝑛 /𝑆𝑖𝑛

= 𝑉 /𝑉

(2.17)

Where,
𝛼
𝛽
VL1
VL2

=
=
=
=

The angle of incidence of longitudinal wave in medium 1
The angle of refraction of longitudinal wave in medium 2
Velocity of incident wave in medium 1
Velocity of refracted longitudinal wave in medium 2

Both l and l are measured from a line normal to the boundary.
Consider now the relation in Equation 2.17. If the angle of incidence l is small, ultrasonic
waves travelling in a medium undergo the phenomena of mode conversion and refraction upon
encountering a boundary with another medium. This results in the simultaneous propagation of
longitudinal and transverse waves at different angles of refraction in the second medium. As
the velocity of transverse waves for a given solid is always less than that of longitudinal waves,
the angle of refraction 𝛽 for longitudinal waves is always greater than the angle of refraction
𝛽 for transverse waves. As the angle of incidence is increased, the angle of refraction also
increases. For a certain value of the angle of incidence 𝛼 the refraction angle 𝛽 reaches 90°.
The longitudinal wave then emerges from the second medium and travels parallel to the
boundary. The angle of incidence at which the refracted longitudinal wave emerges is called
the first critical angle. It is given by l = Sin-1 (𝑉 /𝑉 ) Figure 2.12 a.
Now consider the relationship Sin l / Sin t = 𝑉 / 𝑉 . If the angle of incidence l is further
increased the angle of refraction for transverse wave t also approaches 90°. This value of l
for which the angle of refraction of the transverse wave is exactly 90° is called the second
critical angle. At the second critical angle the refracted transverse wave emerges from the
medium and travels parallel to the boundary. The transverse wave, has become a surface or
Rayleigh wave. The value of second critical angle is given by 𝛼 = Sin-1 (𝑉 / 𝑉 ).
Schematically, the critical angles are shown in Figure 2.12 b.
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FIG.2.12. (a) First critical angle, (b) Second critical angle.

Example:
Calculate the first and second critical angle for water-aluminum interface.


= sin (𝑉 /𝑉 )



= sin (1480/6320)



= 13.54°



= sin (𝑉 /𝑉 )



= sin (1480/3130)



= 28.2°

Example:
If it is desired that a shear wave travels into steel at 60 degrees, what would be the incident
angle on the lucite (perspex) wedge?
It is required to find the angle l in the following sketch Figure 2.13 while the angle t is given
to be 60°.
Longitudinal wave velocity in perspex

= VL1 = 2730 m/s

Shear wave velocity in steel

= Vt2 = 3250 m/s.

Applying Snell's Law:

114

𝑆𝑖𝑛 /𝑆𝑖𝑛

= 𝑉 /𝑉

t = 60°
𝑠𝑖𝑛 / sin 60° = 2730/3250
𝑠𝑖𝑛 = 0.84 × 2730/3250
𝑠𝑖𝑛 = 0.727

 = sin

0.727 = 46.67°

FIG.2.13.

Example:
What would be the refracted longitudinal wave if the angle of incidence through a water to steel
interface is 12°.
It is required to find the angle l in the Figure 2.14 while the angle of incidence, l is given to
be 12°.
Applying Snell's Law:
𝑆𝑖𝑛 /𝑆𝑖𝑛

= 𝑉 /𝑉

l = 12°
𝑠𝑖𝑛12°/𝑠𝑖𝑛

= 1480/5940

𝑠𝑖𝑛 = 0.208 × 5940/1480
𝑠𝑖𝑛 = 0.834

 = sin

0.834 = 56.5°
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FIG.2.14.

2.4.3.

Reflected acoustic pressure at angular incidence

Figure 2.15 gives the acoustic pressure reflection factors for reflected transverse and
longitudinal waves at steel - air boundary.

FIG.2.15.Acoustic pressure of reflected waves vs. angle of incidence.

The angle of incidence of longitudinal waves is shown by lower horizontal scale and the angle
of incidence of shear waves by the upper horizontal scale. The vertical scale shows the
reflection factor in percentages. It can be noted from Figure 2.15 that:
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(i)

The reflected acoustic pressure of longitudinal waves is at a minimum of 13% at 68°
angle of incidence. This means the other portion of the waves is mode converted to
transverse waves;

(ii)

For an angle of incidence of about 30° for incident transverse waves, only 13% of
the reflected acoustic pressure is in the transverse mode. The remainder is mode
converted into longitudinal waves;

(iii) For incident shear waves if the angle of incidence is larger than 33.2°, the shear waves
are totally reflected and no mode conversion occurs.
2.5. TRANSFER OF ENERGY FROM ONE MEDIUM TO ANOTHER
2.5.1.

Generation of ultrasonic waves

Generation of sound is a phenomenon wherein different forms of energy are converted into
sound energy which in turn is the energy of mechanical vibrations. For example, in the case of
piezoelectric transducers electrical energy is converted to sound energy. In magnetostrictive
transducers it is the effect of magnetic field which is utilized to induce mechanical vibrations
in some special materials. In mechanical transducers it is the shock or friction which generates
ultrasound. The electromagnetic generation of sound is by the use of the fact that if a magnetic
alternating field acts upon an electrically conductive body, eddy currents are induced in it. Due
to the interaction between eddy currents and the external magnetic field a force called Loretz
force is produced in the test piece which generates the sound. In the electrostatic process a force
acts between the plates of a capacitor. If one plate of the capacitor is movable then sound can
be generated by an alternating voltage. Use can also be made to convert thermal energy into
sound energy. A sudden heating up of a solid surface causes a sudden local extension of the
material. The mechanical tensions produced by this process excite sound waves with a wide
frequency spectrum. Laser lights and electron beams are usually used for very rapid and strong
heating.
2.5.2.

Energy losses in various media

Velocities of sound are different in different media so is their acoustic impedances, i.e. they
offer differing degrees of resistance to the passage of sound energy through them. This indicates
that some part of the sound energy must be lost during its passage through materials such as air,
water, oil, steel, perspex, etc.
In section 2.4 it has been shown how the ultrasound behaves at the interfaces of different media.
In case of normal incidence a portion of the sound energy is reflected back into the first medium
while the remaining portion is transmitted into the second medium. The percentage of these
portions of sound energy depends upon the differences or mismatch between the acoustic
impedances of the two media. At oblique incidence, apart from the usual reflection and
transmission, the phenomenon of mode conversion is encountered which converts a part of the
longitudinal sound waves into transverse mode. The latter have much lower velocity of
propagation into the second medium.
The ultrasonic beam from the probe is divergent. With increase of distance from the transducer
the beam intensity is distributed over an increasing cross section and is consequently decreased
throughout space.
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The ultrasonic energy undergoes interaction with the medium through which it travels and is
consequently attenuated. Such attenuation or decrease falls under two headings.
(a)
(b)

(c)

The true absorption which occurs in every medium, and by which is meant the
conversion into other forms of energy, notably into heat;
The scatter of ultrasonic energy which occurs mainly in inhomogeneous polycrystalline media (i.e. notably in metals). This comprises the deflection of a part of the
energy from the original beam direction owing to diffraction, reflection and refraction
at anisotropic single crystallites;
Various other factors which contribute to the loss of sound energy in beam are given
in (section 2.8).

2.6. PIEZOELECTRIC AND MAGNETOSTRICTIVE EFFECT ON THE CRYSTAL
2.6.1.

Piezoelectric effect

A transducer is a device which converts one form of energy into another. Ultrasonic transducers
convert electrical energy into ultrasonic energy and vice versa by utilizing a phenomenon
known as the piezoelectric effect. The materials which exhibit this property are known as
piezoelectric materials.
In the direct piezoelectric effect, first discovered by the Curie brothers in 1880, a piezoelectric
material when subjected to mechanical pressure will develop an electrical potential across it
Figure 2.16 a. In the inverse piezoelectric effect, first predicted by Lippman in 1881 and later
confirmed experimentally by the Curie brothers in the same year, mechanical deformation and
thus vibration in piezoelectric materials is produced whenever an electrical potential is applied
to them Figure 2.16 b. The direct piezoelectric effect is used in detecting and the inverse
piezoelectric effect in the generation of ultrasonic waves.

FIG.2.16 (a). Direct piezoelectric effect.

FIG.2.16 (b). Inverse piezoelectric effect.

2.6.1.1.Types of piezoelectric transducers
Piezoelectric transducers can be classified into two groups. The classification is made based on
the type of piezoelectric material which is used in the manufacture of the transducer. If the
transducers are made from single crystal materials in which the piezoelectric effect occurs
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naturally, they are classified as piezoelectric crystal transducers. On the other hand the
transducers which are made from polycrystalline materials, in which the piezoelectric effect has
to be induced by polarization, are termed as electrostrictive materials or polarized ceramic
transducers.
Piezoelectric crystal transducers
Some of the single crystal materials in which the piezoelectric effect occurs naturally are quartz,
tourmaline, lithium sulphate, cadmium sulphide and zinc oxide. Among these quartz and
lithium sulphate are the most commonly used in the manufacture of ultrasonic transducers.
a)

Quartz

Naturally or artificially grown quartz crystals have a certain definite shape which is described
by crystallographic axes, consisting of an X-, Y- and Z-axis.

FIG. 2.17. System co-ordinates in a quartz crystal (simplified) and positions at X and Y-cut crystals.

The piezoelectric effect in quartz can only be achieved when small plates perpendicular either
to the X-axis or Y- axis are cut out of the quartz crystal. These are called X-cut or Y-cut quartz
crystals or transducers. X-cut crystals are used for the production and detection of longitudinal
ultrasonic waves while Y-cut crystals are used for the generation and reception of transverse
ultrasonic waves. Transverse and surface waves can be produced from an X-cut crystal by
taking advantage of the phenomenon of mode conversion.
Some of the advantages and limitations of quartz when used as an ultrasonic transducer, are
given below:
Advantages
(i)

It is highly resistant to wear;

(ii)

It is insoluble in water;

(iii) It has high mechanical and electrical stability;
(iv) It can be operated at high temperatures.
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Limitations
(i)

It is comparatively expensive;

(ii)

It is the least efficient generator of ultrasonic energy;

(iii) It suffers from mode conversion  when an X-cut quartz is used besides generating
longitudinal waves it also generates transverse waves. Transverse waves are generated
because an X-cut crystal when compressed, elongates in the Y-direction also. Production
of transverse waves gives rise to spurious signals after the main pulse;
(iv) It requires a high voltage for its operation.
b)

Lithium sulphate

Lithium sulphate is another piezoelectric crystal which is commonly used for the manufacture
of ultrasonic transducers. Some of the advantages and limitations of a lithium sulphate
transducer are as follows:
Advantages
(i)

It is the most efficient receiver of ultrasonic energy;

(ii)

It can be easily damped because of its low acoustic impedance;

(iii) It does not age;
(iv) It is affected very little from mode conversion.
Limitations
(i)

It is very fragile;

(ii)

It is soluble in water;

(iii) It is limited in use to temperatures below 75C.
Polarized ceramic transducers
Polarized ceramic transducers have nearly completely replaced quartz and are on their way to
replacing artificially grown crystals as transducer elements. Polarized ceramic transducer
materials are ferroelectric in nature. Ferroelectric materials consist of many "domains" each of
which includes large number of molecules, and each of which has a net electric charge. When
no voltage gradient exists in the material these domains are randomly oriented Figure 2.18. If a
voltage is applied, the domains tend to line up in the direction of the field. Since a domain's
shape is longer in its direction of polarization than in its thickness the material as a whole
expands. If the voltage is reversed in direction the domains also reverse direction and the
material again expands. This is in contrast to the piezoelectric crystal materials which contract
for a voltage in one direction and expand for a voltage in the opposite direction.
The ferroelectric mode (i.e. expansion for both positive and negative voltage) can be easily
changed to piezoelectric mode by heating the ferroelectric material to its Curie point (the
temperature above which a ferroelectric material loses its ferroelectric properties) and then
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cooling it under the influence of a bias voltage of approximately 1000 V per mm thickness. In
this way the ferroelectric domains are effectively frozen in their bias field orientations and the
polarized material may then be treated as piezoelectric.
Polarized ceramic transducers, as the name implies, are produced like ceramic dishes, etc. They
are made from powders mixed together and then fired or heated to a solid. The characteristic
properties required of a transducer for certain applications are controlled by adding various
chemical compounds in different proportions. Because, prior to polarization, these ceramic
transducers are isotropic, they do not require to be cut with reference to any particular axis.
Thus it is possible to shape them in any convenient form, e.g. a concave transducer capable of
focusing ultrasound can be produced without difficulty. Some of the advantages and limitations
of ceramic transducers are:
Advantages
(i)

They are efficient generators of ultrasonic energy;

(ii)

They operate at low voltages;

(iii) Some can be used for high temperature applications, e.g. lead metaniobate Curie
point is 550C.
Limitations
(i)

Piezoelectric property may decrease with age;

(ii)

They have low resistance to wear;

(iii) They suffer from mode conversion.

No potential applied

Potential applied
FIG.2.18. Domains in ferroelectric material.

Comparison of piezoelectric transducers
The piezoelectric deformation constant 'H' is a measure of the ability of a transducer to act as
an ultrasonic receiver. High H values show the greater ability of the transducer as a receiver.
From Table 2-II, it is evident that lithium sulphate is the best receiver of ultrasonic energy. The
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electromechanical coupling factor ‘K’ shows the efficiency of a transducer for the conversion
of electric voltage into mechanical displacement and vice versa. This value is important for
pulse echo operation as the transducer acts both as a transmitter and receiver. Higher values of
‘K’ mean that the overall efficiency of the transducer as a transmitter and receiver is better. The
values for lead metaniobate, lead zirconate-titanate and barium-titanate lie in a comparable
order. A satisfactory resolution power requires that the coupling factor for radial oscillation
‘Kp’ is as low as possible. ‘Kp’ is a measure for the appearance of disturbing radial oscillations
which widen the signals. These radial oscillations are because of the mode conversion
disturbances of the transducers. From this point of view lithium sulphate and lead metaniobate
are the best transducer materials. Since in the case of contact as well as immersion testing a
liquid couplant with a low acoustic impedance ‘Z’ is required, the transducer material should
have an acoustic impedance of the same order to give a better transmission of ultrasonic energy
into the test object. In this respect the best choices are lithium sulphate or lead metaniobate or
quartz as all of them have low acoustic impedances.
TABLE 2.2. SOME CHARACTERISTICS OF COMMON PIEZOELECTRIC TRANSDUCERS
Lead zirconate
titanate

Barium
titanate

Lead
metaniobate

Lithium
sulphate

Quartz

Lithium
niobate

4000

5100

3300

5460

5740

7320

Acoustic impedance ‘Z’ 10
kg/m2s

30

27

20.5

11.2

15.2

34

Electromechanical coupling
factor ‘K’

0.6 - 0.7

0.45

0.4

0.38

0.1

0.2

Piezoelectric modulus ‘d’

150 - 591

125 - 190

85

15

2.3

6

Piezoelectric deformation
constant ‘H’

1.8 - 4.6

1.1 - 1.6

1.9

8.2

4.9

6.7

Coupling factor for radial
oscillations ‘Kp’

0.5 - 0.6

0.8

0.07

0

0.1

-

Sound velocity ‘v’ m/s
6

2.6.2. Magnetostrictive effect and transducers
Magnetostrictive transducers are generally made of ferromagnetic materials, i.e. certain metals,
such as nickel, cobalt, and iron, which can easily be magnetised and which display
magnetostriction or the Joule effect. When a bar or rod of one of these materials is placed in a
magnetic field, it suffers a change in length, either an increase or decrease, depending on the
nature of the material and the strength of the field. Whether the strain is a positive or negative
one is independent of the sense of the field. Thus, when the magnetic field is reversed in
direction, there is no change in the sense of the strain, i.e. an increase in length remains an
increase.
The magnetostrictive effect can also be observed in certain non-metals known as ferrites. They
have the advantage that, being poor electrical conductors, they are not overheated by eddy
currents which are induced by the alternating currents exciting the periodic magnetic field.
However, because of their poor mechanical properties, they are not often used in the design of
ultrasonic transducers.
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Magnetostrictive transducers are often made in the form of rods surrounded by coil windings
Figure 2.19. An alternating current through the coil induces an alternating magnetic field of the
same frequency; this gives rise to longitudinal oscillations of the rod.

FIG.2.19. Schematic diagram showing the method of exciting a magnetostrictive transducer in the form of a rod.

Because the value of the strain in the rod depends only on the magnitude of the applied magnetic
field and is independent of its sense, these oscillations take place at a frequency twice that of
the field and take on the form of an unsmoothed rectified alternating current, i.e. the vibrations
are of low amplitude and contain many unwanted frequencies. As in the case of ceramic
transducers, this disadvantage is overcome by polarisation. Similarly, as with piezoelectric
transducers maximum efficiency of the oscillations is obtained at the fundamental resonance
frequency. The effects of harmonics are minimized by nodal mounting.
Magnetostrictive transducers are seldom used in non-destructivenon-destructive testing except
for Lamb wave testing of wire specimens. However, the applications of ultrasound for the
purposes of drilling and cleaning are based on the magnetostrictive phenomenon.
2.7. THE CHARACTERISTICS OF THE ULTRASONIC BEAM
2.7.1. The ultrasonic beam

/2

FIG.2.20. Shape of a typical sound beam from a circular transducer.

The region in which ultrasonic waves are propagated from an ultrasonic transducer is known as
the ultrasonic beam. For the purpose of ultrasonic testing of materials, the greatly simplified
shape of an ultrasonic beam for a circular transducer is as shown in Figure 2.20. This could be
imagined like a cone as is the light coming out of a torch. Two distinct regions of the beam
exist and are classified as near field (Fresnel zone) and far field (Fraunhofer zone).
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The intensity variation along the axial distance for a typical transducer is shown in
Figure
2.21. The intensity passes through a number of maxima and minima. The last minima occurs at
N/2 while the last maxima occurs at N where N denotes the near field length. After one near
field length the intensity decreases continuously. From a distance of approximately three near
field lengths the sound pressure on the central axis of the beam is reduced proportional to the
inverse distance and the sound beam diverges with a constant angle of divergence. We call this
area the far field or the Fraunhofer zone. The area from 1N to approximately 3N is referred to
as the transition zone where the divergence angle still changes and is not constant and the
decrease of the sound pressure is not yet proportional to the inverse distance.

FIG.2.21.Distribution of intensity along the axial distance.

Figure 2.22 shows the radial distribution of acoustic intensity from a typical disc type circular
transducer. Such a diagram in practice can be drawn using reflections from a small round ball
in water or a small flat bottom or side drilled hole. The ball or holes are scanned at a distance.
The echo is maximized which shows the position of the central beam axis. Then the reflector is
moved perpendicularly to the axis and the positions are noted when the echo amplitude falls to
50% and 10% of its maximum. Such points, no doubt, exist on both the sides of the central
beam axis. This is schematically presented in Figure 2.22.

FIG. 2.22. Schematic presentation of the radial distribution of intensity in a sound beam.

The quantities describing the shape of the sound field in a useful practical approximation are
the near field length ‘N’ and the half divergence angle ‘/2’. These two values are functions of
the crystal diameter ‘𝐷’, the frequency ‘𝑓 ’and the sound velocity ‘𝑣’ in the medium in which
the sound beam develops. Some formulae that apply are explained in the following sections.
2.7.1.1.Near field
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A piezoelectric transducer can be considered to be a collection of point sources, each of which
is emitting spherical ultrasonic waves to the surrounding medium Figure 2.23.

FIG.2.23. Shape of the wave front in the near field.

The spherical waves interfere with each other and result in a system of maxima and minima in
intensity in the region close to the transducer. This region is known as the near field region or
Freznel zone. The near field shows a beam having a width approximating the diameter of the
crystal. However, it is reduced up to the end of the near field which is called the focus.
Flaws appearing in the near field must be carefully interpreted because a flaw occurring in this
region can produce multiple indications and the amplitude of the reflected signal from the flaw
can vary considerably if the effective distance from the probe varies. This is especially true in
the case of smaller defects with which there are greater difficulties of interpretation in the near
zone as compared to larger defects (comparable with crystal diameter). The near field problem
can be reduced or even completely overcome by the use of plastic shoes in front of the crystals
generating ultrasound.
2.7.1.2.Calculation of near field length
The length ‘N’ of the near field depends upon the diameter of the transducer and the wavelength
of the ultrasonic waves in the particular medium. The near field length for a probe increases
with increase in its diameter and frequency and can be calculated approximately from:
𝑁 = 𝐷 /4 
= 𝐷 𝑓/4𝑣
(2.18)
Where,
𝑁
𝐷
𝑣
𝑓

=
=
=
=

near field length
diameter of transducer
velocity of sound in material
frequency

2.7.1.3.Far field
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The region beyond the near field is known as the far field. The wave front of ultrasonic waves
in the far field beyond a distance of three near field lengths from the transducer is spherical as
compared to the wave front in the near field which is planar. The region in the far field between
one near field length and three near field lengths is known as the transition region because
transition in shape of the wave front from planar to spherical occurs in this region.
The intensity in the far field along the axial distance from the transducer beyond three near field
lengths falls off with distance in accordance with the inverse square law, i.e. the intensity
decreases inversely with the square of the distance. The intensity in the transition region of the
far field varies exponentially with distance with an exponent of distance between 1 and 2.
The reflected intensity of ultrasonic waves from flaws occurring in the far field depends upon
the size of the flaw with respect to the beam dimensions. If the flaw is larger than the beam then
the reflected intensity follows the inverse proportional law, i.e. intensity of reflection is
inversely proportional to distance. On the other hand if the size of the flaw is smaller than the
beam dimensions then the reflected intensity varies inversely as the square of the distance, i.e.
Intensity is inversely proportional to the square of distance.
2.7.2. Field divergence or beam spread
It has already been mentioned in Section 2.7.1 that there is always some spreading of the
ultrasonic beam in the far field as the waves travel from the transducer. It is important to
understand the beam spread as it helps to point out the importance of selecting the proper
frequency and size of the transducer. The length of the ultrasonic wave and the diameter of the
transducer are often critical in the determination of flaw size and location. The intensity of the
beam is maximum on the central axis and decreases in proportion to the distance from the
centre. The angle of beam spread or divergence angle /2 can be calculated from the following
equation:
 /2 = sin (𝐾 /𝐷) = sin (𝐾 𝑣/𝑓𝐷)

(2.19)

Where ‘’ is the wavelength of the ultrasonic waves, ‘𝐷’ is the diameter in case of a circular
transducer and ‘K’ is a constant which depends:
(i)

On the edge of the beam which is considered. Usually the value of ‘K’ is determined with
respect to the reduction of the beam intensity to 50% (6 dB), 10% (20 dB) and 0%
(extreme edge) of the maximum amplitude. The subscript "n" in n and Kn denotes the
respective edge, e.g. 6 is the divergence angle for 6 dB edge and 20 is the divergence
angle for 20 dB edge.

(ii)

The method which is used to determine beam spread e.g. free field or echo field.

(iii) The shape of the transducer, i.e. whether circular or rectangular.
Values of ‘K’ for circular and rectangular transducers are given in Table 2-III while
Table
2-IV gives different values of ‘K’ determined by the echo field method for both circular and
rectangular transducers.
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TABLE 2.3. VALUES OF K FOR CIRCULAR AND RECTANGULAR TRANSDUCERS AS DETERMINED
BY THROUGH TRANSMISSION TECHNIQUE

Edge

K

K

% (dB)

circular

rectangular

0%

1.22

1.00

10 % (20 dB)

1.08

0.60

50 % (6 dB)

0.54

0.91

TABLE 2.4. VALUES OF K FOR CIRCULAR AND RECTANGULAR TRANSDUCERS AS DETERMINED
BY PULSE ECHO TECHNIQUE

Edge

K

K

% (dB)

circular

rectangular

0%

1.22

1.00

10 % (20 dB)

0.87

0.74

50 % (6 dB)

0.51

0.44

2.7.3. Influence of sound velocity and transducer size.
The near field length of an ultrasonic field is given by D2/4 or D2f/4v. Larger values of this
factor furnish a sharp, far-reaching beam with a long near zone. These large values mean that
larger the transducer size, longer the near field length in a given material for a given frequency.
Larger diameter gives greater output of sound energy which acts like a big bang and pushes
more and further in front of it. This results in longer near field length on the one hand and
greater depth of penetration into material under test on the other. Next let us see the effect of
sound velocity and the transducer size on the beam divergence. Equation 2.19 gives the half
beam divergence angle /2 to be sin-1(K/D) or sin-1(Kv/Df) which shows that the transducer
diameter has a definite influence on the sound beam for a given frequency, a smaller transducer
has a greater beam spread angle than a larger diameter transducer as shown in Figure 2.24.

FIG.2.24. Influence of transducer size on the beam divergence.

Changing the transducer's vibrating frequency will also change the beam spread. Beam
divergence is inversely proportional to frequency. Therefore a high frequency transducer has a
more constant (less divergent) sound beam than a low frequency transducer.
Example:
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What would be the near field length when testing steel using a 4 MHz transducer having a
diameter of 10 mm.
𝑁 = 𝐷 𝑓/4𝑣
= 10 × 4 × 10 /4 × 5940 × 10
= 16.83 𝑚𝑚

Example:
What would be the beam spread using a 25.4 mm diameter, 2.25 MHz transducer on an
aluminum test piece.

 = 𝑣/𝑓 = 6320 × 1000/2.25 × 1000000 = 2.8 𝑚𝑚
/2 = sin (1.22 /𝐷)
= sin (1.22 × 2.8 /25.4)
= sin (.1344) = 8°
2.8.ATTENUATION OF SOUND
2.8.1. Cause and effect
The intensity of an ultrasonic beam that is sensed by a receiving transducer is considerably less
than the intensity of the initial transmission. Attenuation is the term used to describe this
condition of energy loss. With sound attenuation the echo amplitudes of any reflectors are
additionally reduced proportional to their distance. This additional reduction per unit distance
is called the sound attenuation coefficient. Assuming that there are no major discontinuities
producing regular reflections, for example, cracks, etc. various causes of attenuation exist
namely scattering, absorption, surface roughness and diffraction, etc. These causes will be
described in the following sections. The general equation describing attenuation is:
𝑃=𝑃𝑒
𝛼=

(2.20)

20
𝑃
log
𝑑
𝑃

Since sound pressure is proportional to echo height
(2.21)
20
𝐻
𝛼=
log
𝑑
𝐻
Where
𝑃 = Initial pressure at distance ‘𝑑’ = 𝑜
𝑃 = final pressure at a distance ‘𝑑’ in the medium
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α = attenuation coefficient which is measured in nepers or dB mm-1 or dB m-1 depending
upon units of ‘𝑑’ (1 neper = 8.686 dB)
d =total beam path in the material

FIG. 2.25.Variation of signal amplitude with distance due to divergence and attenuation losses (linear representation).

2.8.1.1.Scattering of ultrasonic waves
The scattering of ultrasonic waves is due to the fact that the material in which the ultrasonic
wave is travelling is not absolutely homogeneous. The in homogeneities can be anything that
will present a boundary between two materials of different acoustic impedance such as an
inclusion or pores and possibly grain boundaries containing contaminants. Certain materials are
inherently inhomogeneous, such as cast iron which is composed of a matrix of grains and
graphite particles which differ greatly in density and elasticity. Each grain in the agglomeration
produces severe scattering. It is possible to encounter scattering in a material of just one crystal
type if the crystals exhibit velocities of different values when measured along axes in different
directions. A material of this type is said to be anisotropic. If individual grains are randomly
oriented throughout a material, scattering will occur as if the material is composed of different
types of crystals or phases. Materials exhibiting these qualities not only decrease the returned
ultrasonic signal because of scattering, but also often produce numerous small echoes which
may mask or "camouflage" real indications. A condition for scattering not to occur is that the
dimensions of the particles must be small compared with wavelength, i.e. the particle
dimensions must be less than 0.1 times the wavelength.
2.8.1.2. Absorption of ultrasonic waves
Absorption of ultrasonic waves is the result of the conversion of a portion of the sound energy
into heat. In any material not at absolute zero temperature the particles are in random motion
as a result of the heat content of the material. As the temperature increases, there will be an
increase in particle activity. As an ultrasound wave propagates through the material it excites
the particles. When these particles collide with unexcited particles, energy is transmitted
causing them to oscillate faster and through larger distances. This motion persists after the
sound wave has passed on, so energy of the passing wave has been converted to heat in the
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material. The absorption usually increases proportional to frequency at a rate much slower than
the scattering.
2.8.1.3. Loss due to coupling and surface roughness
A third cause of attenuation is transmission loss due to the coupling medium and the surface
roughness. When a transducer is placed on a very smooth surface of a specimen using a
couplant, the amplitude of signal from the back surface varies with the thickness as well as the
type of the couplant. A typical example is shown in Figure 2.26.

FIG.2.26. Variations of signal amplitude and couplant thickness.

FIG.2.27.The variation of signal with type of couplant for various surface roughnesses.

2.8.1.4.Diffraction
An important property of ultrasonic waves is their ability, or tendency, to bend around, and pass
obstacles which are comparable in size to their wave length. This wave interference or
diffraction occurs if the wave impinges upon a small inclusion or pore in the metal. A portion
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of the energy bends around the defect and reflection is much reduced Figure 2.28a. A second
example of this phenomenon is the bending of ultrasonic waves near the edge of a specimen
Figure 2.28b. This bending may divert the ultrasonic wave from where it would normally be
received, to some other point.

(a)

(b)

FIG.2.28. Diffraction of ultrasound in solids; (a) Around the defect,
(b)Near the irregular edge.

2.8.1.5.Overall effect of attenuation
In addition to the amount of sound lost due to the above causes, there are other factors to
consider, such as losses in scattering due to surface roughness of a reflector and spreading of
the sound beam. In this instance, attenuation is considered as the sum of all these factors since
they all affect the amount of sound transmitted to and returned from an area of interest in the
test material. The attenuation losses during propagation in a material are shown in
Figure
2.29.

FIG.2.29. Attenuation losses during transmission.

Scattering increases rapidly with increasing grain size of the material. Absorption is reduced
with decreasing frequency.
The discussion of attenuation made so far is applicable to the longitudinal waves. For transverse
waves the attenuation is generally much stronger, particularly in plastics. Similarly attenuation
usually increases with the temperature of the test specimen. For steel a maximum of the
attenuation of sound appears at the transition point from body-centred to face-centred iron
(approx 721C).
2.8.2. Principles of measurement of attenuation
Evaluation of the flaw sizes in ultrasonic testing is made on the basis of the sound reflected
from these flaws and the echoes which this reflected sound produces on the oscilloscope screen.
The sound pressure is proportional to the oscilloscope echo height (H), the Equation 2.21, but
from the knowledge of attenuation we know that the echo height as seen on the screen is not
due entirely to the flaw but also includes an element of attenuation in it. A compensation of
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attenuation losses with the echo amplitude evaluation of flaws is only possible if the attenuation
coefficient of the work piece and, if applicable, of the reference block, are known. Absolute
measurements of the attenuation are very difficult because the echo amplitude depends not only
on the attenuation but also on a number of other influencing factors. Relative measurements are
easier and can be made experimentally for each test. For this purpose the shape of the
specimens, the probe and the coupling are kept constant while the amplitudes of the backwall
echoes are compared. When a plate material is examined the amplitude difference, ‘Δ𝐻’,
between the first back reflection, ‘HB1’, and the second back reflection, ‘HB2’, is due to
attenuation by beam spread and scattering, assuming no contact surface losses, as shown in
Figure 2.30. Curve A is due to beam spread while ‘B’ is due to scattering and T is the specimen
thickness.

FIG.2.30. Attenuation by beam spread and scattering.

When the distance, ‘T’, is at least ‘3N’, the beam spread law for large reflectors can be utilized.
The amplitude is inversely proportional to the distance, so that if the distance is doubled, the
amplitude is moved i.e. 6dB reduction. The attenuation coefficient ‘𝛼’ is calculated, as:
(2.22)
𝛼
= (Δ𝐻 − 6)/ 2𝑇 (dB/m)
Where,
Δ𝐻 = HB1 – HB2

132

3. CHAPTER 3.

BASIC ULTRASONIC TESTING TECHNIQUES AND
THEIR LIMITATIONS

3.1.BASIC ULTRASONIC TEST METHODS
Ultrasonic waves arriving at an interface between two media are partially reflected into the
medium from which they are incident and partially transmitted into the other medium. The
method of ultrasonic testing which utilizes the transmitted part of the ultrasonic waves is the
through transmission method while that which makes use of the reflected portion of the waves
is classified as the pulse echo test method. Another method which is used for the ultrasonic
testing of materials is the resonance method.
3.1.1. Through transmission method
In this method two ultrasonic probes are used. One is the transmitter probe and the other is the
receiver probe. These probes are situated on opposite sides of the specimen as shown in Figure
3.1a and b.

FIG. 3.1. Position of transmitter and receiver probes in the
through transmission method of ultrasonic testing (a) normal beam (b) angle beam.

In this method the presence of an internal defect is indicated by a reduction in signal amplitude,
or in the case of gross defects, complete loss of the transmitted signal. The appearance of the
CRT screen is as illustrated in Figure 3.2a, b and c.
This method is used for the inspection of large ingots and castings particularly when the
attenuation is high and gross defects are present. The method does not give the size and location
of the defect. In addition good mechanical coupling and alignment of the two probes is essential.
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(a)

FIG.3.2. The appearance of CRT screen for defects of varying sizes in case of
through transmission method.
Defect free specimen. (b) Specimen with a small defect. (c) Specimen with a large defect.

3.1.2. Pulse echo method
This is the technique most commonly utilized in the ultrasonic testing of materials. The
transmitter and receiver probes are on the same side of the specimen and the presence of a
defect is indicated by the reception of an echo before that of the backwall echo. Mostly the
same probe acts as the transmitter as well as the receiver. The CRT screen is calibrated to show
the separation in distance between the time of arrival of a defect echo as against that of the
backwall echo of the specimen, therefore, the location of a defect can be assessed accurately.
The principle of the pulse echo method is illustrated in Figure 3.3a, b and c.
A specimen with parallel boundaries yields not only single backwall echo but a sequence of
multiple echoes spaced evenly, provided the measuring range of the viewing screen is large
enough Figure 3.4. These multiple echoes are obtained because the first wave reflected at the
backwall transmits only a small portion of its energy to the probe when it arrives at the front
wall. It is therefore only attenuated slightly when reflected from the front wall and it passes
through the specimen a second time and so forth. The height of the multiple echoes decreases
because, in addition to the slight energy loss in the probe, the wave is attenuated in the material
and because the propagation of sound beam follows the laws of beam spread and diffraction,
etc.
There are two ways to transmit ultrasonic waves into the test specimen in pulse echo testing;
one is the normal beam or straight beam technique and the other is the angle beam technique.
Similarly tandem testing technique as well as immersion testing are also different forms of pulse
echo testing.
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FIG.3.3. Principle of pulse echo method of ultrasonic testing;
a) Defect free specimen,
b) Specimen with small defect and
c) Specimen with large defect.

FIG.3.4. Multiple echoes in case of a pulse echo method.

3.1.3. Resonance method
A condition of resonance exists whenever the thickness of a material equals half the wavelength
of sound or any multiple thereof in that material. Control of wavelength in ultrasonics is
achieved by control of frequency. If we have a transmitter with variable frequency control, it
can be tuned to create a condition of resonance for the thickness of plate under test. This
condition of resonance is easily recognized by the marked increase of received pulse amplitude.
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Knowing the resonance or fundamental frequency ‘f’ and velocity ‘v’ of ultrasound in the
specimen, the thickness ‘t’ of the specimen under test can be calculated from the equation:
(3.1)
𝑣
𝑡 = 2𝑓
Since it is difficult to recognize the fundamental mode of vibration, the fundamental frequency
is usually calculated from the difference of two adjacent harmonics which are depicted by two
adjacent rises in the pulse amplitude.
Therefore,
(3.2)
𝑣
𝑡 = 2 (𝑓 – 𝑓 )
Where,
fn = frequency at nth harmonic
fn-1 = frequency at (n-1)th harmonic.
The resonance method of ultrasonics was at one time specially suited to the measurement of
thickness of thin specimens such as the cladding tubes for reactor fuel elements. The method
has now been largely superseded by the pulse echo method because of improved transducer
design. Figure 3.5 shows harmonic frequencies.

FIG.3.5. Harmonic frequencies.

3.1.4. Automatic and semi-automatic methods
Automatic systems are used where large amounts of similar parts are to be tested. These systems
essentially consist of one or several probes which are coupled to the test specimen by a control
unit and are moved across the test object according to a predetermined scanning pattern. The
ultrasonic signals are processed by the evaluation unit (e.g. an ultrasonic flaw detector) and
displayed on a CRT-screen, if available. All measured data along with the information about
the probe position are fed to a computer where they are further processed and evaluated. The
test report is produced by means of a printer. The computer also controls the marking and
sorting device which marks the flaw locations on test objects. Test objects which have
unacceptable flaws are rejected. A further task of the computer is to control the transport of the
work piece and to signal defined test conditions. Figure 3.6 shows block diagram of a typical
automatic ultrasonic testing system. The detailed components of the system are given below:
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(i)

Mechanical operation of the probe or probes and remote control;

(ii)

Capability of the probes or transducers adequate to the automation;

(iii) Automatic supply of the couplant;
(iv) Automatic gain control;
(v)

Automatic adjustment of the equipment gain for specified working sensitivity (automatic
distance-amplitude correction);

(vi) Self-checking or monitoring system;
(vii) Ultrasonic data processing system;
(viii) Applications of B-scope, C-scope, Quasi-three dimensional display system (acoustical
holography, frequency analysis, etc.).

FIG.3.6. Block diagram of a typical automatic ultrasonic testing system.

Presentation and documentation of results in automatic testing needs special attention. The test
information (flaw echoes, backwall echoes or reference echoes, acoustic transmission readings
and transit-time data) is made available in digital form.
Semi and fully automated methods of ultrasonic testing are generally useful for testing of
specimens of uniform and regular shapes. To this category belong plates of all sizes and
thicknesses, uniform shaped castings, forgings and welds, pipes and tubes, rods and cylinders,
small and large pressure vessels, rotor shafts.
3.2.SENSORS
The term sensor in ultrasonic testing is used for the device used for transmission and receipt of
ultrasound. It is also called a transducer or a probe. An ultrasonic probe (Figure 3.7) consists
of:
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(a) A piezoelectric crystal or transducer;
(b) A backing material;
(c) A matching transformer which matches the piezoelectric transducer’s electrical
impedance to that of the cable to the flaw detector in order to transfer maximum
energy from the cable to the transducer and vice versa;
(d) A case which is simply a holder of suitable dimensions and construction.

FIG.3.7. Straight beam (longitudinal wave).

3.2.1.

Piezoelectric transducers

An ultrasonic probe is generally excited by a voltage pulse of less than 10 micro second
duration. A short voltage pulse consists of a band of frequencies. Among these frequencies, the
transducer vibrates with maximum amplitude at the frequency known as the resonance
frequency of the transducer, which is related to its thickness as follows:
(3.3)
𝑓 = 𝑣 / 2𝑡
Where
𝑓
𝑡
𝑣

= resonance frequency of the transducer.
= thickness of the transducer.
= longitudinal wave velocity of ultrasound in the transducer material.

Equation 3.3 is used to determine the thickness of the transducer required to construct an
ultrasonic probe of a particular frequency. For example to make a probe of 1 MHz frequency
the thickness of a quartz crystal will be 2.98 mm. The thickness for 10 MHz frequency comes
out to be 0.298 mm while for a frequency of 20 MHz it will be 0.14 mm. It will be appreciated
that although flaw sensitivity will be much improved with a 20 MHz probe (at this frequency
the wavelength = 0.298 mm and flaw sensitivity being of the order of /3 is 0.1 mm) the crystal
in this case will be extremely thin and consequently quite fragile and difficult to handle.
Therefore in practice a compromise has to be made between the crystal thickness that can be
conveniently managed and the flaw sensitivity to be achieved. In cases where high sensitivity
is essentially required the probes are immersed in a liquid and most testing is done with the
probe receiving minimum possible disturbance.
The other important parameter of the crystal which affects the ultrasonic beam is its diameter,
D. On crystal diameter depend the near field length, the beam divergence and the width of the
beam at a given point.
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Most probes have circular radiating surfaces with diameters of approximately 5 to 40 mm.
Diameters larger than 40 mm are unsuitable for most test problems because a corresponding
flat contact surface is not available. The disadvantage of smaller diameters, particularly in the
case of low frequencies, is the greater radiation of lateral transverse waves and surface waves.
Another difficulty arising from the use of probes with small diameters is their greatly reduced
sensitivity.
For providing the electrical pulses to the crystal, its faces need to be electrically connected with
the help of wires. For this purpose the faces of the crystal are electroplated with silver and
contacts are then provided by soldering the connecting wires to this layer of electroplated silver.
To prevent the wear of crystal a wear face is provided in thin layers of aluminum oxide,
sapphire, ruby, boron or carbides.
3.2.2.

Backing material

The backing material in a probe is used to control its two basic performance characteristics
namely the resolution and the sensitivity.
Resolution of a probe is its ability to separate the echoes from two flaws which are close
together in depth. Sensitivity of the probe is defined as the ability of the probe to detect echoes
from small flaws. To have a high resolution probe, the vibration of the transducers of the probe
should be damped as quickly as possible, but to have a high sensitivity probe, the damping of
the transducer vibrations should be as low as possible. The two requirements are contradictory
to each other and therefore a compromise has to be made. The maximum damping of the
transducer's vibration is achieved when the backing material has the same acoustic impedance
as that of the transducer. This matching of the acoustic impedances of transducer and backing
material allow the ultrasound to pass easily from the transducer into the backing material. The
backing material should also provide a high degree of attenuation and absorption to dissipate
the transmitted ultrasound so that it will not reflect from the back of the backing material to
create spurious signals. Backing materials for pulse echo probes are often made of fibrous
plastics or metal powders combined with various plastic materials. Attenuation can be
controlled by the grain size of the powder and impedance by the proportions of metal powder
and plastic.
3.2.3.

Matching transformer

All types of probes also contain electrical matching elements (capacitors and inductors) in order
to maximize the electrical coupling of the probe to the input of the amplifier. In other words the
transformer matches the piezoelectric transducer electrical impedance to that of the cable to the
flaw detector in order to transfer maximum energy from the cable to the transducer and vice
versa.
3.2.4.

Protective face and housing

The essential elements of an ultrasonic probe are encased in a metallic housing and usually
provided with a protective face or cover. The protective face of a probe does not only protect
the sensitive transducer from direct contact with the test piece surface but also improves the
acoustical matching to the test piece.
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3.2.5.

Maintenance of Probes

The probes during use may experience certain damages. The user should therefore be well
aware of the possible causes and effects of these damages. These are briefly described here.
(i) The probe may be mechanically damaged because of dropping down, fixing the probe
too firmly or by the application of too much load on the coupling surface. This can result
in changing of the sound field and reduction or loss of sensitivity;
(ii) The crystal may be loosened from the protective face or delay block because of
penetration of liquids into the probe or because of the probe temperatures being too high.
This can also affect the sound field and sensitivity of the probes;
(iii) Natural wear of the protective face and the perspex delay blocks may take place in case
of direct contact type probes. This may result in an increase of the probe index and a
change in the probe angle. In case of TR probes a change in the sound field, increase of
cross talk and reduction in sensitivity can take place;
(iv) Extremely high voltages (transmission pulse) at the probe can lead to a dielectric break
down resulting in complete destruction of the crystal. Standard probes normally
withstand such high voltages. Special probes designed for working at low voltages (e.g.
probes for digital thickness gauges) may be affected when connected to an instrument
with a high power transmitter.
3.2.6. Normal incidence sensors
These sensors send a sound beam, usually longitudinal, into the test specimen at right angle to
the surface of the test specimen. Figure 3.8 shows the design of a typical probe of this kind.

FIG.3.8. Design of a typical normal beam ultrasonic probe.

The normal incidence probes are either used in direct contact with the test specimen or without
such contact. The former are termed as contact type probes while the latter are said to be noncontact type. In the normal probes of direct contact type a wear plate is often used to protect the
transducer from wear. When using this protective plate a thin layer of an appropriate couplant
usually light oil is always required between the transducer and the wear plate to obtain
transmission of ultrasound energy across the interface. There are probes which have only one
transducer crystal while there are others in which two crystals are simultaneously mounted in
the same housing. Some probes have specially ground plastic faces which are used for focusing
the beam at a particular region or points. All these different types of normal incidence probes
are described below.
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3.2.7.

Single transducer normal beam probes

These probes use a single transducer Figure 3.9 as a transmitter and receiver of ultrasound. This
transducer has a common connection to the transmitter and amplifier units of the flaw detector
Figure 3.9. Because of this common connection to the transmitter and receiver unit, the single
transducer probes have a large initial or transmission pulse which results in a large dead zone
for the probe generally making the probe useless for near surface flaw detection and thin wall
thickness measurement. Short pulse length probes are now available which have shorter dead
zones thus making them more useful for testing thin material. The dead zone is a zone where it
is not possible to detect defects. The dead zone is shown as the transmission signal at the start
of the time base. The dead zone increases when the frequency is decreased, therefore a 5 MHz
single probe will have a smaller dead zone than a 2.5 MHz probe.

FIG.3.9. Mode of operation of single crystal probes.

3.2.8.

Single crystal focused normal beam probes

Occasionally focusing probes of special design are used to increase the sensitivity over a
definite range for certain testing problems. For this purpose either a curved ground,
piezoelectric plate of ceramic material is used, or a curved layer with lens effects is cemented
to the flat plate. The latter method greatly increases the sensitivity immediately below the
surface in the case of probes used according to the immersion technique Figure 3.10 where such
a focusing layer is not subjected to wear. In the case of concave test surfaces and direct contact
the sound beam would open wide, resulting in low depth sensitivity. This can be improved by
inserting between the transducer and the test surface a lens shaped body. This will produce a
certain zone of disturbance which must be accepted, even if an absorbing material is used for
the lens, such as vulcanized rubber which may contain filler.
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FIG.3.10 Testing by the immersion technique with focused beam.

3.2.9.

Twin crystal normal beam probes

To avoid the limitations encountered in the use of single transducer normal beam probes for
thin wall thickness measurements and near surface flaw detection, double transducer normal
beam probes are used. These are also called twin-crystal or TR probes. These are probes which
incorporate two transducers in a single case. These transducers are separated acoustically and
electrically from each other by an acoustic barrier Figure 3.11. One of the transducers is
connected to the transmitter unit and the other to the receiver unit of the flaw detector, as shown
in Figure 3.12, thus eliminating the transmission pulse.

FIG.3.11. Twin crystal type probe.

The special features to note in the construction of a double transducer probe are the inclination
of the transducers and the long delay blocks. The inclination of the transducers gives a focusing
effect and maximum sensitivity can be obtained at a certain point in the specimen for a
particular angle of inclination, i.e. "roof angle", Figures 3.13.
The long delay blocks which are made of perspex or for hot surfaces, of a heat resistive ceramic
material, allow the ultrasonic beam to enter the test specimen at its divergent part (i.e. in the far
zone). This eliminates the difficulties of evaluating a flaw occurring in the near field and also
helps in producing a shorter dead zone for the probe for a larger roof angle.
The minimum distance at which echoes of flaws can be detected is given by the beginning of
the region where the sound beam of the transmitter and the receiving characteristics of the
receiver overlap. Due to this fact, with TR-probes, we can define a pipe shaped region of
maximum sensitivity which is often dealt with in the data sheets of TR probes. The high
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sensitivity in the subsurface region is caused by the roof angle of the two crystals. On the other
hand, with high gain settings, this leads to an interference echo, known as the cross talk echo
which should not be misinterpreted as being a flaw.

FIG.3.12. Mode of operation of twin crystal probe.

FIG.3.13. Influence of roof angles over sensitivity of twin crystal probe.

Further attention must be paid to the fact that, with decreasing thickness of the work piece
(plate) or flaw location, a big measuring error may occur, known as the V-path error
Figure
3.14. It never occurs with distances lying between the two steps used for calibration if the
thickness ratio of the two steps does not exceed 2 : 1.

FIG.3.14. V-path error with TR-probes.
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The % error in measurement introduced due to this effect can be calculated from the formula:
(3.4)
% 𝑒𝑟𝑟𝑜𝑟 =

× 100 =

√

.

× 100

Where
𝑇 = Thickness of the specimen
𝑆 = Actual beam path length
𝑐 = Distance between the probe indices of ultrasound exit and ultrasound entrance
TR-probes are very often used in ultrasonic testing for:
(i)

Checking the dimensions of work pieces (e.g. plates);

(ii)

Remaining wall thickness measurements;

(iii) Detection, location and evaluation of subsurface flaws;
(iv) Scanning large defects (lamination).
3.2.10. Normal beam immersion type probes
The construction of an immersion type probe is essentially the same as that of the contact type
normal beam probe. Since, however, immersion type probes are always in contact with water
they need to be water proofed and also do not need to have a wear protective plate in
front.
3.2.11. Angular incidence sensors
In angle probes, refraction and conversion of wave modes are used to transmit ultrasound into
the test specimen at various angles to the surface. A typical construction of an angle beam
contact type probe is shown in Figure 3.15.
An angle probe transmits longitudinal waves through a perspex delay block at a definite angle
of incidence to the surface of the specimen. The angle of incidence chosen is greater than the
first critical angle so that only transverse waves enter that specimen. The longitudinal portion
is reflected back into the probe and is attenuated by the damping block and thus spurious
indications that may arise due to the presence of the longitudinal waves are avoided. The angle
of refraction for steel specimen and the beam exit point, generally known as the probe index,
are marked on the metal case of the probe.
A surface wave probe is an angle beam probe in so far as it uses a wedge to position the
transducer at an angle to the surface of the specimen. The wedge angle is chosen so that the
shear wave refraction angle is 90 and the wave resulting from mode conversion travels along
the surface.
When an angle beam probe designed for steel is used for another material, the change in angle
of refraction should be taken into account.
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FIG.3.15. Design of an angle beam probe.

It is also required that the wedge is made of a material whose longitudinal wave velocity is
smaller than the transverse wave velocity in the test piece such as to refract the incident beam
away from perpendicular.
3.2.12. Special sensors
3.2.12.1.

Need for special sensors

There is a large variation in the nature of test problems in industry. Therefore there cannot be a
set of general purpose probes which can be universally used for the solution of these varied
problems. Each type in principle requires a special probe for its testing and solution. There is a
large variety of components, machines and structures of varying designs, geometry and shapes
that need to be tested. There is therefore a corresponding need for having special ultrasonic
probes to cater for specific inspection requirements. Materials may vastly differ in their
composition and grain size and therefore have different degrees of attenuation of sound in them.
Special probes may thus be needed for inspection of different types of materials. The
permissible flaw sizes and therefore the flaw detection sensitivity as well as the resolution
requirements may be different for different materials and applications. In many situations the
application of couplant may present serious problems or the couplant may have to be supplied
continuously to improve the speed of inspection. Ultrasonic testing in some situations may have
to be carried out in unfriendly environments as, for example, hot and rough surfaces, corrosive
environment, areas having high nuclear radiation levels, under-water inspection as well as in
difficult-to-reach locations such as engines and complicated assemblies. There may be a
demand for high speed inspection as in the case of automatic testing of rails, tubes, plates and
other regularly shaped objects. All these situations require specific and special sensors.
Selection of a transducer for a given application is done on the basis of crystal size, frequency,
frequency bandwidth and type of the flaw detector. Different materials exhibit different
electrical impedance characteristics. Tuning coils or matching transformers may be needed.
Both the amount of sound energy transmitted into the material being inspected and beam
divergence are directly related to the size of the transducer element. Thus, it is sometimes
advisable to use a larger search unit to obtain greater depth of penetration or greater sound beam
area.
Narrow-bandwidth transducers exhibit good penetrating capability and sensitivity, but
relatively poor resolution. (Sensitivity is the ability to detect small flaws; resolution is the ability
to separate echoes from two or more reflectors that are close together in depth). Broadbandwidth transducers exhibit greater resolution, but lower sensitivity and penetrating
capability, than narrow-bandwidth transducers. Operating frequency, bandwidth, and active

145

element size must all be selected on the basis of inspection objectives. For example, high
penetrating power may be most important in the axial examination of long shafts. It may be
best to select a large-diameter, narrow-bandwidth, low-frequency transducer for this
application, even though such a transducer will have both low sensitivity (because of low
frequency and large size) and low resolution (because of narrow-bandwidth).
When resolution is important, such as in the inspection for near-surface discontinuities, use of
a broad-bandwidth transducer is essential. Penetrating capability probably would not be very
important, so the relatively low penetrating power accompanying the broad-bandwidth would
not be a disadvantage. If necessary, high sensitivity could be achieved by using a small, highfrequency, broad-bandwidth transducer; an increase in both sensitivity and penetrating power
would require the use of a large, high-frequency transducer, which would emit a more directive
ultrasonic beam. Resolution can also be improved by using a very short pulse length, an
immersion technique, or delay-tip or dual-element contact-type search units.
3.2.12.2.

Phased array transducers

In recent years there has been a growing need to increase the speed of ultrasonic inspections.
The fastest means of scanning is the use of an array of transducers that are scanned
electronically by triggering each of the transducers sequentially. Such transducers consist of
several crystals placed in a certain pattern and triggered one at a time either manually or by a
multiplexer. A typical multiplexer and array circuit is shown in Figure 3.16. In this case, each
circuit A through J consists of a separate pulser and transducer. Each probe element is assumed
to be a point, or very small, source and the firing sequence of the pulsers is controlled through
other circuitry.

FIG.3.16. Multiplexer arrangement for array transducer. Normally refracted, longitudinal wave shown.

Pulsing the probes in phased sequences can create a variety of beam patterns, including anglebeam and focus configurations. For example, the angle-beam shown in Figure 3.17 results when
the firing sequence is evenly phased from ‘A’ through ‘J’. The inclination angle 𝜃 is given by:
(3.5)
∆
𝜃 = 𝑠𝑖𝑛
Where,
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𝐶 = phase speed in the material
∆𝑡 = Phase delay in pulsing each probe
𝑤 = Probe centre line spacing
Varying the delay ‘∆𝑡’ between pulses would change the angle ‘𝜃’. Firing the pulsers in the
reverse order, ‘J’ through ‘A’, would result in an angle beam with the opposite orientation.
Further, firing from the outside to the inside, i.e. ‘A’ and ‘J’ simultaneously, then ‘B’ and ‘I’,
etc., will create a focused beam.
A wide variety of sources may be used to construct an array transducer, including piezoelectric
elements as well as EMAT and laser sources. The expense of the system is significantly
increased since each circuit is essentially a separate ultrasonic system controlled by the
multiplexer. The increased speed and versatility of inspection that the array transducers permit,
however, may offer advantages that counter the added expense of the system.

FIG. 3. 17. Angle beam multiple probe array transducer.

3.2.12.3.

Electromagnetic acoustic transducers (EMAT)

Electromagnetic acoustic transducers are based on the principle that an electromagnetic wave
incident on the surface of an electrical conductor induces eddy currents within the skin of the
conductor. In the presence of a static magnetic field and in the region where the eddy current
density is non-vanishing, ions are subjected to oscillatory forces. It is these oscillatory forces
(the Lorentz mechanism) generated within the skin depth that are the sources of
electromagnetically induced acoustic waves.
The electromagnetic-acoustic transducers offer the potential advantage of performing ultrasonic
inspection without the need for a physical couplant or other contact media between the probe
and the test piece. This would facilitate automated inspection of linear items such as pipe,
pipelines, railroad rail, etc., where there is relative motion between the probe and the test item.
Further, the need for increased speed in inspection creates an additional advantage for these
probes since the dynamic effects from higher speeds are minimal. EMAT probes may also be
used to inspect metals covered with a protective coating.
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FIG.3.18. Schematic of EMA transducer
a) Arrangement for the production of shear waves
b) Arrangement for the production of compressional waves.

3.2.12.4.

Laser based ultrasonic transducers

Ultrasonic waves may be excited in materials when the surface is struck by laser pulses. The
heating of the impulse creates expansions at the localized region where the laser strikes the
surface. Ultrasonic waves are generated with these expansions and subsequent contractions.
The reception of ultrasound with laser technology is not done with the same system that is used
to excite the signal. Generally, reception is accomplished with" an optical beam which is
capable of measuring small surface displacements.
The ability to perform high-power, non-contact ultrasonic inspection is a very important
advantage for laser ultrasonics.
3.2.12.5.

Paintbrush transducers

Paintbrush transducers are usually constructed of a mosaic or series of matched crystal
elements. The primary requirement of a paintbrush transducer is that the intensity of the beam
partem not varies greatly over the entire length of the transducer. The paintbrush transducers
are designed to be survey devices; their primary function being to reduce inspection time while
still giving full coverage. This is a big advantage as the inspection of large areas with a small
single-element transducer is a long and tedious process. After a scan with paintbrush
transducers has indicated the presence of discontinuities, these can be further investigated for
their size and location using standard probes.
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FIG.3.19. Typical paint brush transducer.

3.2.12.6.

Miscellaneous special sensors

Some of the ultrasonic test probes which have been described elsewhere may also belong to the
category of special sensors. For example, these could be magnetostriction transducers, focused
transducers, immersion testing probes, variable angle probes, probes for automatic testing,
surface wave probes, and probes for in-service inspection specially of nuclear power plants. It
may be seen that in all these cases the probes have to be specially designed for specific
application purposes.
3.3. TECHNIQUES
Techniques of ultrasonic testing are either of the contact type or the non-contact type. In the
contact type, the probe is placed in direct contact with the test specimen with a thin liquid film
used as a couplant for better transmission of ultrasonic waves into the test specimen. In the noncontact type, either a waterproof probe is used at some distance from the test specimen and the
ultrasonic beam is transmitted into the material through a water path or water column or the
transducer is coupled to the test specimen simply through air.
Contact techniques are divided into three types. These are normal beam techniques, angle beam
techniques and surface wave techniques. To the second category may belong the immersion
techniques and the air-coupled techniques. Some of these techniques as these are applied in
practical ultrasonic testing are described below.
3.3.1. Tandem techniques
In some cases it is necessary to conduct angle beam contact testing using two probes. One probe
acts as a transmitter and the other as a receiver. The transmitting transducer pitches a sound
beam that skips in the material and is caught by a receiving transducer. This two probe method
is therefore also called “pitch and catch” or tandem method. The principle of the method is
illustrated in Figure 3.20.
The usual objective with this technique is discontinuity location and characterization. The
sound pulse is deflected away from direction of incident beam and it can be received
satisfactorily only by a second probe. The position of both probes on the plate depends on the
plate thickness and the location of defects. The pair of probes are displaced from each other by
a fixed distance and this distance can be calibrated to maximize the received signal amplitude.
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FIG.3.20. Tandem technique arrangement.

The distance between the probes is determined by the relation:
(3.6)
𝑆 = 2 (𝑡 − 𝑑)𝑡𝑎𝑛𝜃
Where,
𝜃= Probe angle
𝑡= Specimen thickness, and
𝑑= Depth of the aiming point
Economic manual testing in accordance with this method requires that both probes are
interconnected by a suitable guiding device. This would maintain the required constant distance
between probes and ensures the correct angle relative to the joint and probes all the time.
The tandem method is most commonly used method for testing the welded joints in thick walled
vessels, specifically in pressure vessels for reactors. Most of the test is carried out using an
array of probes. Another application of tandem technique is in the examination of the root in
double vee welds.
3.3.2. Focused sensor technique
These techniques employ the focused probes which concentrate on focusing the ultrasonic beam
at a certain pre-determined point or region within the test specimen. The focusing effect is
obtained through the use of acoustic lenses which work in a manner similar to that in which the
light is focused by optic lenses. For optimum sound transmission the acoustic lens is usually
bonded to the transducer face. Typical desired characteristics for the suitability of any material
to act as an acoustic lens include a large index of refraction in water, acoustic impedance close
to that of water and the probe crystal, low internal sound attenuation and the ease of fabrication.
Some of the materials which meet these criteria are methyl methacrylate, polystyrene, epoxy
resin, aluminium and magnesium. The shapes of acoustic lenses can be either cylindrical or
spherical. Former produce a line focus beam while the latter produce spot focus. The sound
beam from a cylindrical probe has a rectangular shape having a length and a breadth. Such
probes are mainly used for the inspection of thin wall tubing and round bars. These are specially
sensitive to fine surface and sub-surface cracks. The sound beam from a spherical probe
illuminates a small circular spot. These have the greatest sensitivity and resolution but the area
covered as well as the depth range are small.
Focusing can also be achieved by shaping the transducer element. The front surface of quartz
crystal can be ground to a cylindrical or spherical radius. Barium titanate can be formed into a
curved shape before it is polarized. A small piezoelectric element can be mounted on a curved
backing member to achieve the same result.
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FIG.3.21. Focused-beam shortening in metal.

Focused transducers are described by their focal length, that is, short medium, long, or extralong. Short focal lengths are best for the inspection of regions of the testpiece that are close to
the front surface. The medium, long, and extra-long focal lengths are for increasingly deeper
regions. Frequently, focused transducers are specially designed for a specific application. The
longer the focal length of the transducer, the deeper into the testpiece the point of high
sensitivity will be.
The focal length of a lens in water has little relation to its focal depth in metal, and changing
the length of the water path in immersion inspection produces little change in focal depth in a
test piece.
Focused sensor techniques are usually employed for precise thickness measurements, detection
of laminations, discontinuities in the thin sheets, measurement of internal corrosion in pipes
and vessels. Thin wall tubing and small diameter rods and forgings are also inspected for
internal defects using focused probes. Use of the focusing of ultrasound beam is made for the
testing of specimens with curved surfaces.
3.3.3. Surface wave sensor techniques
The nature of surface waves and the concepts for their generation have been explained in
chapter-2. The main advantage of surface waves is that they follow gentle contours and are
reflected sharply only by sudden changes in contour thus making a very useful tool for the
examination of complex shaped components Figure 3.22. Their energy is concentrated in a
relatively small region about one wavelength deep near the surface. For example surface waves
travelling on the top surface of a metal block are reflected from a sharp edge. But if the edge is
rounded off, the waves continue down the side face and are reflected at the lower edge returning
to the sending point. In this way surface waves could travel completely around a cube if all
edges of the cube are rounded off.
Surface wave techniques have been used very successfully in the aircraft industry. Figure 3.23
shows an aircraft component having a complex shape. Application of compression or shear
waves with this may be impossible or difficult. Development of cracks can be expected along
the edge of the blade out to about 2/3 of the blade length or in the root area. A surface wave
probe placed at the end of the blade and directed towards the root will send a beam along the
surface, around the radius and reflect from the edge of the root as shown. Cracks in the suspect
areas will give reflections at an earlier time than the root.
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FIG.3.22. Surface wave technique.

FIG.3.23. Testing of blades for surface crack using surface waves.

The main limitation of surface wave techniques is that they are almost immediately attenuated
if the surface finish is improper or if the surface is covered with scale or a liquid (such as the
couplant) or if any pressure is applied by another object or even the hand of the operator.
Therefore the coupling liquid should be limited to the contact point as far as possible.
Misleading indications may even be produced by unsmoothly applied couplant such as grease.
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3.3.4. Immersion testing techniques
Immersion testing techniques are mainly used in the laboratory and for large installations doing
automatic ultrasonic testing. It has the advantage that uniform couplant conditions are obtained
and longitudinal and transverse waves can be generated with the same probe simply by
changing the incident beam angle.
The three basic techniques used in immersion testing are the immersion technique, the bubbler
technique and the wheel transducer technique.
In the immersion technique both the probe and the test specimen are immersed in water. The
ultrasonic beam is directed through water into the test specimen, using either a normal beam
technique Figure 3.24a for generating longitudinal waves or an angle beam technique Figure
3.24b for generating transverse waves.

FIG.3.24 Immersion testing techniques.

When the normal beam technique is being used, the water path distance must always be longer
than the distance “S” in Equation 3.7 below:
S=

×

(3.7)

When the specimen is steel, the water path distance must be longer than 1/4 steel thickness
otherwise the 1st backwall echo overlaps the 2nd surface echo and defects near the backwall
may not be seen.
In the bubbler or squirter technique, the ultrasonic beam is directed through a water column
into the test specimen Figure 3.25. This technique is usually used with an automated system for
high speed scanning of plate, sheet, strip, cylindrical forms and other regularly shaped forms.
The ultrasonic beam is either directed in a perpendicular direction (i.e. normal direction) to the
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test specimen to produce longitudinal waves or is adjusted at an angle to the surface of the test
specimen for the production of transverse waves.

FIG.3.25. Bubbler and wheel transducer techniques.

In the wheel transducer technique, the ultrasonic beam is projected through a water-filled tire
into the test specimen. The probe, mounted on the wheel axle, is held in a fixed position while
the wheel and tire rotate freely. The wheel may be mounted on a mobile apparatus that runs
across the specimen, or it may be mounted on a stationary fixture, where the specimen is moved
past it Figure 3.26. The position and angle of the probe mounted on the wheel axle may be
constructed to project normal beams, or to project angled beams as shown in Figure 3.27.

FIG.3.26. Stationary and moving wheel transducers.

FIG.3.27. Wheel transducer angular capabilities.

4. CHAPTER 4.

ULTRASONIC EQUIPMENT AND ACCESSORIES

4.1. CONSTRUCTION AND MODE OF OPERATION OF ULTRASONIC EQUIPMENT
The ultrasonic equipment and accessories include, in principle, the ultrasonic flaw detector,
transducers and connecting cables, calibration blocks, data presentation and recording systems,
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immersion tanks and handling systems for probes and the test specimen. The salient features
of the flaw detector and data presentation systems are described in this chapter while the other
topics have been dealt with elsewhere at appropriate places in the book.
Figure 4.1 shows the components of an ultrasonic flaw detection system. The simultaneous
triggering of the sweep generator and pulser by the clock, initiates the transmission of ultrasonic
pulse from the probe at the same time as the electron beam spot starts to move across the cathode
ray tube. When a single crystal probe is used, the electrical voltage pulse supplied by the pulser
to the probe is also fed to the receiver unit and is thus amplified and displayed as indication ‘a’
on the CRT screen Figure 4.1. The indication ‘a’ is known as the transmission echo,
‘transmission pulse’, the ‘initial pulse’, the ‘main bang’ or the ‘front surface reflection’.

FIG.4.1. Basic components of an ultrasonic flaw detection system.

The electron beam spot continues to move across the CRT screen as the ultrasound from the
probe moves through the specimen. When the ultrasound reaches the reflecting surface b, a
part of it is reflected via a probe and receiver unit to register an indication ‘b’ on the CRT
screen. The other part which is carried to the far surface ‘c’ of the test specimen is reflected by
it to be displayed as indication ‘c’ on the CRT screen. The indications from the reflecting
surface ‘b’ and the far surface or backwall ‘c’ of the specimen are known as the ‘defect echo’
and ‘backwall echo’ or ‘bottom echo’ respectively.
If the specimen of Figure 4.1 is a 25 mm thick steel plate, the above operation would have taken
about 8 millionth of a second (8 s) to complete. The pulse repetition frequency (PRF) should,
therefore, be high enough to make the pattern to be bright enough to be visible to the human
eye. On the other hand for a 500 mm thick specimen, the time required for the whole operation
to complete is about 160 s. If a high repetition frequency is used in this case, confusion would
arise because the probe will send a second ultrasonic pulse before the first one is received.
Depending upon the thickness of the test specimen, in most of the instruments, the PRF can be
varied between 50 pulses per second (PPS) to 1250 PPS. This is done automatically in modern
instruments with the setting of the ‘test range’ control. It alters the velocity of the electron
beam spot across the CRT screen for different test ranges.
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In twin crystal and transverse wave probes there is a perspex delay block, fitted between the
piezoelectric transducer and the surface of the specimen. The ultrasonic waves travel for
sometime before entering the test specimen. To prevent the electron beam spot to travel a
distance proportional to this travelling time in perspex delay block, the ‘delay’ control is used.
The ‘delay’ control makes the time base generator to wait for a period equal to the perspex
travelling time, before making the spot to start from the zero position.
4.1.1. Functions of the electronic components in a typical instrument
The essential components of a typical ultrasonic flaw detector are as shown in Figure 4.1. The
functions of these components are explained in the following sections.
4.1.1.1.Cathode ray tube
The cathode ray tube or CRT Figure 4.2 contains a heater coil which heats the cathode to make
it emit electrons. These electrons are accelerated by a voltage applied across the cathode and
anode. The resultant electron beam is focused by the focusing cylinder to make it appear on
the fluorescent screen as a spot. As the electrons travel toward the CRT screen they pass two
pairs of deflecting plates horizontal and vertical. A voltage applied to the horizontal- plates
would deflect the electron beam horizontally while a voltage applied to the vertical-plates
would deflect the beam vertically.

FIG.4.2 Construction of a cathode ray tube (CRT).

The focusing of the spot is indicated as ‘focus’, on the CRT controls. The ‘astigmation’ or
‘auxiliary focus’ are the controls to correct the unsharpness induced in the CRT trace by the
changing transit time of the electron beam spot when it is deflected by a voltage applied to the
vertical plates. The brightness of the CRT trace can be varied through a control knob marked
as ‘brightness’. Similarly the control knobs for horizontal and vertical movement of the CRT
trace are respectively marked as ‘horizontal shift’, ‘set zero’, ‘X-shift’ or ‘delay’ and ‘vertical
shift’ or ‘Y-shift’.
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4.1.1.2.Time base generator
The time-base generator provides a sawtooth voltage to the X-plates of CRT to move the
electron beam spot from left to right across the CRT screen with a uniform speed. The speed of
the spot depends on the rise time of the sawtooth voltage, i.e. the time in which the sawtooth
voltage rises from zero to its maximum value Figure 4.3. The shorter the rise time the greater
would be the speed of the spot. The practical implication of this is related to the thickness of
the test specimen. If we want to display the full thickness of the specimen on the CRT, we need
to ensure that the spot takes at least as long to sweep from left to right as it takes the sound to
travel to the bottom of the specimen and back to the top. For thin specimens we can allow the
spot to move quickly, whereas for thick specimens we must slow down the spot. The control
which is provided for the adjustment of the rise time of sawtooth voltage and hence the speed
of the spot is termed as ‘depth range’ or ‘test range’. To prevent the return of the electron beam
spot to produce a trace on the screen, the time base generator simultaneously controls the
brightness of the spot by means of a square wave voltage so that the spot remains bright only
during the rise time of the sawtooth voltage Figure 4.4.
Sometimes it is needed that the pulse which triggers the time base should be delayed as
compared to the pulse which triggers the transmitter. For example, twin crystal and shear wave
probes usually are fitted with a perspex shoe. As the transducer is energized, the sound takes
some time to travel through the perspex before entering the test specimen. We do not want to
display this perspex travel time on the time base. This is done through a control called ‘delay’
which makes the time base generator wait for a period equal to the sound travel time in perspex
before making the spot travel from zero. The delay control can also allow to start the time base
when the sound has travelled say 200 mm through a 225 mm thick section so that it is possible
to look at just the last 25 mm of the specimen.

FIG.4.3 (a) Sawtooth voltage for time base, and (b) with different operating times.
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FIG.4.4 Sawtooth voltage for time base with corresponding square wave voltage for control of brightness.

4.1.1.3.Transmitter
The transmitter, also called an oscillator, is basically a tuned electronic circuit comprising of a
thyratron, capacitances and inductances (LC) as shown in Figure 4.5. The circuit receives a
control pulse from the clock. The control pulse is fed to the thyratron which generates a voltage
surge by the sudden discharge of the capacitor charged to several hundred, up to 1000 volts.
This surge excites the tuned circuit to its own damped oscillation which becomes the electrical
transmitting pulse.

FIG.4.5 Typical electronic circuit of the transmitter in an ultrasonic flaw detector.

Different modifications can be made to this basic circuit to get pulses of desired amplitude,
shape and length.
The transmitter supplies a short electrical voltage pulse of 300-1000 V to the piezoelectric
transducer in the probe. The piezoelectric transducer, in turn, converts this electrical voltage
pulse into an ultrasonic wave. In some instruments controls are provided to adjust the frequency
and amplitude of the input electrical voltage pulse, while in others this adjustment is done
automatically. The frequency and width of the ultrasonic wave pulse are controlled respectively
by the thickness and degree of damping of the piezoelectric transducer in the probe.

4.1.1.4.Receiver unit
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The ultrasonic transducer receives pulses from the transmitter and generates sound waves which
travel within the test specimen and are reflected back from the boundaries as well as the
discontinuities present within the test specimen. The reflected sound waves received by the
probe are converted back into electrical voltage pulses. While the pulses fed to the probe are of
the order of hundreds of volts, those produced by the sound waves returning from the test
specimen are comparatively very weak, e.g. only of the order of 1/1000 to 1 volt. These weak
pulses need to be amplified before being fed to the oscilloscope. This is done in the receiver
unit as illustrated in Figure 4.6, which consists of a preamplifier, an amplifier, a rectifier and an
attenuator.
The purpose of the preamplifier is the amplification of small echo signals in order to lift them
above the unavoidable noise level of the following circuit. The amplifier amplifies any voltage
pulse supplied to it from the probe. The amplification is of the order of about 105.
In most of the instruments the amplifier is of a wide band type with a frequency range of about
1 to 15 MHz and a control to tune the amplifier to the frequency of the probe is not needed. In
some cases it is a narrow band type and a control is provided to tune it to the frequency of the
probe.
There are two general types of the amplifiers from the amplification point of view. Firstly, the
linear amplifiers in which the indication of the echo amplitude on the screen is proportional to
the receiver voltage of the probe, and secondly, the logarithmic amplifiers in which the echo
amplitude is proportional to the logarithm of the probe voltage. Since the amplitudes are usually
quoted in decibels (dB) and since the latter is a logarithmic quantity the logarithmic amplifiers
offer the advantage of being dB-proportional amplifiers.
The rectifier in the receiver unit rectifies the voltage signal for ease of observation. In some
instruments a control is provided to observe the received signal either in the rectified or
unrectified state. The attenuator in the receiver unit is used to vary the signal amplitude as
needed. The control provided to do this is known as “gain control” and is calibrated in the
decibels or dB. It controls the input from the probe to the main amplifier so that the operator
can keep echo height from a reflector within the CRT screen for echo heights comparison and
making the flaw sizing possible. Another control known as ‘reject’ or “suppression” control is
provided in the receiver unit to remove the indications of random noise, known as grass, from
the CRT display. Typical circuit of a receiver is shown in Figure 4.6.
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FIG.4.6. Typical receiver circuit and waveforms.

4.1.1.5.Clock or timer
The clock or timer circuit generates electrical pulses which trigger the time base generator and
transmitter at the same time. These pulses are generated repeatedly to make the trace on the
CRT screen steady and bright. The frequency with which these pulses are generated is known
as the pulse repetition frequency (PRF). In some instruments a control is provided for the
adjustment of PRF while in others it is adjusted automatically with the alteration in setting of
the ‘test range’ control.
4.1.1.6.Signal monitors and gates
Visual evaluation of the screen traces is often slow and not suitable for rapid and continuous
testing. It is desirable that the test data such as the echo amplitude and echo transit time are
converted to electrical values for purposes of quick recording. This is done with the help of
signal monitors which indicate the echo in the form of a signal as soon as the former appears in
a pre-selected transit time zone, i.e. the gate, and exceeds a pre-selected amplitude reading. On
the screen this gate is usually indicated by a step or by a brightness change of the base line. The
position as well as the width of the gate is adjustable. The start of the gating is usually initiated
by the transmitting pulse after a certain delay. Several gates can be used to monitor different
ranges simultaneously.
Electronically the monitor consists of a gate amplifier receiving the same voltage pattern as the
CRT which, however, transmits only the desired portion of this pattern through a transit time
interval, i.e. the gate. The gating voltage is synchronized by the pulse repetition frequency
(PRF) of the instrument.
The output signals of the monitor can be used for actuating any acoustical (horns or bells) or
optical (lamps) signalling devices. Also switching operations can be initiated which, for
instance, can stop the movement of the test piece in continuous testing or can actuate a marking
device, such as a paint spraying gun, for flaw indication on the test specimen.
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4.1.2. Types of instrumentation
4.1.2.1.Portable equipment
The portable instruments are manufactured for field operation and their design is, therefore,
based on the following factors:
(i)

Ease of operation;

(ii)

Smaller size and;

(iii) Lower weight.
These instruments are, thus, used only for special applications, for example, weld inspection,
casting inspection and thickness gauges, etc. These instruments have only the essential controls.
The inspection of castings is normally carried out at lower frequencies because castings have
coarse grained structures. The instruments designed for the inspection of castings (and for
coarse grained materials for that matter) have a lower frequency range.
The thickness meters are special ultrasonic instruments used for measurement of thickness.
They have either an analogue (meter type) or a digital display. Modern thickness gauges are of
the latter type. The number of controls in a thickness gauge depends upon its application. A
thickness meter used for thickness measurements of a number of materials with known acoustic
properties usually have only one control known as the zero adjust (or delay) control. Such meter
requires a single thickness step for its calibration. The thickness meter which is to be used for
thickness measurements of materials with unknown acoustic characteristic has two controls, a
zero adjust (delay) and a test range control. Such a gauge requires two steps with known
thicknesses for its calibration. Apart from its versatility such a gauge renders the highest
measuring accuracy if used properly. Such a gauge is, therefore, mostly used for precision
measurements of machined components. Thickness meters of the latter type also have the
highest cost.
4.1.2.2.Laboratory type equipment
Laboratory type instruments are usually used for the development of ultrasonic inspection
techniques. These instruments are versatile and have every possible control which enable the
operator to develop an inspection technique which will render optimum results. Consequently
these instruments are bulky, heavy and have higher cost. These are generally single channel
instruments and can be used for both manual and mechanized inspection.
4.1.2.3.Digital Instruments
The manual conventional ultrasonic flaw detectors incorporate an oscilloscope screen in order
to display information generated by the instrument. Along the X-axis, the time scale, controlled
by the sweep generator circuit, is displayed. Along the Y-axis, the amplitude of the probe
response is displayed after passing through the receiver-amplifier circuitry. The combined
effect of these two controlling circuits is a continuous, or analogue, trace on the screen.
In general, the conventional analogue instruments are quite good for defect detection and
thickness determination. The use of these instruments for defect evaluation and sizing, however,
has not been universally accepted for a number of reasons. Ultrasonics has suffered in
comparison with radiography, for example, in that a permanent record of the examination is not
easily made. In addition, the display format does not present an image of the internal defect,
although the defect can be mapped out using simple geometric considerations and a knowledge
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of how the ultrasonic beam interacts with a defect. But this can be a time-consuming process
subject to limited (although usually tolerable) accuracy. Defect mapping must be done manually
since the instrument has a limited ability to manipulate signals beyond simple filtering and
amplification.
In an attempt to overcome these limitations, ultrasonic instruments have recently been
developed which produce a digital, rather than an analogue, response. In this case, the analogue
electrical signal generated by the transducer is digitized by an analogue to digital converter
(ADC) circuit inside the instrument. The digitized signals are in turn manipulated by an internal
microprocessor which controls the display and storage of the data.
Depending on the complexity of the instrument, digital UT data can be displayed in different
formats. The more sophisticated automated ultrasonic systems produce two and three
dimensional displays of the recorded UT data. Although useful for critical applications, these
systems are not cost effective for routine use. The digital flaw detectors, with a lower base price
provide a display similar to their analogue counterparts but with some of the features of the
more expensive C-scan instruments.
Some of the features common to digital flaw detectors are summarised below:
(i)

Calibration memory: Instrument settings such as sound velocity, gain, range, delay,
probe angle, frequency filtering, etc., are initially inputted to a status display screen. This
information is held in memory until changed and can be displayed at any point during
the inspection. In addition, the instruments can keep a number of calibrations in
permanent memory for recall at a later time. This is a useful feature when a specific type
of inspection is conducted routinely.

(ii)

Linear reject: The ‘reject’ function attempts to improve the signal to noise ratio by
filtering out low amplitude signals and background noise (“grass”). In analogue
instruments, the use of ‘reject’ tends to destroy the linear relationship between signal
amplitudes. For this reason several codes do not allow the use of the ‘reject’ function.
The digital flaw detectors, however, do maintain signal linearity when ‘reject’ is used.

(iii)

Distance-amplitude correction: Comparing indications at different depths in a
component must take into account the attenuation of the ultrasonic beam. This is
achieved by incorporating a distance-amplitude correction, or DAC. On many analogue
instruments, a DAC curve must be manually drawn on the flaw detector screen. This is
done electronically by the digital instruments. (Electronic DAC is also available on some
analogue flaw detectors.)

(iv)

Peak/averaging functions: The memory capabilities of the digital instruments allow the
flaw detector to hold a peak response on the display screen. It is also possible to apply a
signal averaging function to the recorded data. Both functions are useful in improving
the signal to noise ratio.

(v)

Automatic reflector location: The location of an indication within the component relative
to the position of the probe can be determined from simple geometric considerations by
knowing the probe angle and the sound-path distance. When using an analogue
instrument, this must be calculated manually. The digital instruments will perform this
calculation automatically. This capability greatly facilitates the defect sizing techniques.

(vi)

Data record keeping functions: Screen images can be permanently recorded. An RS232
port is also available for down loading the digital signal to computer.
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4.1.2.4.Thickness meters
Digital thickness meters are more widely used for thickness measurements because of their very
compact size, higher measurement accuracy and somewhat simpler operating procedures.
Usually thickness meters have few controls. They use special highly damped transducers.
Figure 4.7 shows the block diagram of a digital thickness meter.

FIG. 4.7. Function diagram of an ultrasonic thickness gage.

The transit time of ultrasonic pulse can be measured in the following modes:
a)

Direct contact mode

In this mode the single crystal normal beam probe is separated from the test specimen surface
by a thin protective layer and sends the ultrasonic pulses into the test specimen immediately
after they have been generated. The measurement of the transit time begins with each
transmitted pulse and ends with the return of the same pulse from the backwall of the test
specimen Figure 4.8. This mode is usually used with components having uncorroded plane
parallel and concentric surfaces and having greater thicknesses and or greater attenuation
characteristics. For these components the requirement on accuracy of measurement is not so
stringent.

FIG. 4.8. Pictorial representation of direct contact mode.

b)

Delay block mode

In this mode an exchangeable delay block separates the probe from the test specimen surface.
The transit time measurement is started by the 'entry echo' (i.e. echo produced due to the
reflected ultrasonic energy at the delay block/test specimen interface) and the transit time is
measured between the entry echo and the first backwall echo Figure 4.9.
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FIG. 4.9. Pictorial representation of delay block mode.

This mode is used with precision components having uncorroded plane parallel or concentric
thicknesses below 10 mm and down to a few tenths of a millimetre and which require higher
measurement accuracy.
c)

Successive backwall echoes mode

This is another mode used with a normal beam single crystal probe having an exchangeable
delay block. The transit time measurement in this case starts with the first backwall echo and
ends with the second backwall echo Figure 4.10.

FIG. 4.10. Pictorial representation of successive backwall echo mode.

This mode is used with uncorroded plane parallel or concentric thin wall components and where
the highest possible measuring accuracy is required.
d)

Twin crystal mode

In this mode a twin crystal probe is used and the transit time measurement is initiated by the
cross talk echo and is stopped by the first backwall echo Figure 4.11. This mode is mostly used
for components with corroded surfaces.

FIG. 4.11. Pictorial representation of twin crystal mode.
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4.1.2.5.Thickness meters with A-scan display
Ultrasonic equipment manufacturers have now incorporated both digital and echo displays on
the same equipment. This would allow a technician to look at the reflected echoes and see if a
weaker echo is coming from a deeper corrosion pit not readable by the electronic gate of the
thickness meter. In order to be able to interpret such a phenomenon, a technician need to be
trained and be familiar with behavioural pattern of ultrasonic waves reflected from uneven or
corroded backwall.
4.1.2.6.Automatic equipment
Automatic systems are used where large amounts of similar parts are to be tested. These systems
essentially consist of one or several probes which are coupled to the test specimen by a control
unit and are moved across the test object according to a predetermined scanning pattern. A
simplified diagram of a four channel automatic flaw detection system is shown in Figure 4.12.

FIG. 4.12. Schematic diagram of a four channel flaw detection system.

Figure 4.13 and 4.14 shows an automatic pipe line inspection system and manipulator for
inservice inspection of nuclear pressure vessel respectively.
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FIG. 4.13. Automatic pipeline inspection system.

FIG. 4.14. Manipulator for internal tests on nuclear reactors, schematic
(Design MAN-Krautkrämer):
1 Monorail hoist, 2 control panel 3, mast bearing, 4 maintenance platform, 5 slewing crane, 6 mast sections, 7 electronic panel, 8
cross-bridge, 9 manipulator bridge, 10 spider support, 11 telescopic tube, 12 swivel arm, 13 probe system mount for hemispherical
bottom, 14 probe system mount for cylindrical wall and nozzles.
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4.2.CHARACTERISTICS OF EQUIPMENT AND SYSTEM CONTROLS
4.2.1. Properties of vertical and horizontal amplifiers
Since the signal coming from an ultrasonic probe is usually weak it has to be "amplified" before
displaying it on the CRT screen. This amplification is done by the radio frequency (RF)
amplifier. The two performance characteristics which are important are the dynamic range and
frequency response of the amplifier.
4.2.1.1.Dynamic range
Dynamic range of the amplifier is the ratio of maximum and minimum inputs which it can
amplify without distortion. A large dynamic range is required in ultrasonic flaw detection since
flaw sizes are evaluated by comparing the height of the echoes from these flaws. The dynamic
range of a linear amplifier used in ultrasonic flaw detectors is usually 34 dB (50:1) while that
of a logarithmic amplifier is 100 dB (105 : 1).
4.2.1.2.Frequency response
Frequency response of an amplifier determines the range of frequencies which an amplifier can
amplify equally. A narrow band amplifier usually amplifies a narrow band of frequencies
around the resonance frequency of the probe used. Narrow band amplifier improves the signal
to noise ratio by amplifying the signal from an interface to a greater degree than that of noise
signals thus improving flaw detection sensitivity. But an excessive narrow band width has the
disadvantage that the pulses are broadened, resulting in reduced resolving power. To
accommodate probes of different frequencies, the instrument using a narrow band amplifier is
usually provided with a frequency selection switch. Wide band (WB) amplifiers can amplify a
wide band of frequencies.
This type of amplifier improves the resolution of the flaw detector though the signal to noise
ratio (detection sensitivity) is usually lowered. This type of amplifier is usually used in portable
ultrasonic flaw detectors and with shock wave probes. Typical range of frequencies for a wide
band amplifier is from 1 to 10 MHz.
4.2.2. Correlation between resolving power and frequency, transmitting power and
damping
Resolving power of a flaw detection system is its ability to give separate echoes from two
closely occurring flaws. The resolving power of a flaw detection system depends upon the
ultrasonic pulse length generated by the probe. The pulse length is controlled by the frequency
and damping of the crystal of the probe and the electrical power provided to the probe for
generation of ultrasonic waves. The vibration of the crystals of the commercially available
standard probes is so damped that the ultrasonic pulse generated by these probes consists of
four to five cycles of vibration when the crystal is energised by a normal strength electrical
pulse.
It consists of more than five cycles when it is energised by a high strength electrical pulse.
Shock wave probes on the other hand are highly damped probes and the ultrasonic pulse
generated by such probes, at normal transmitting power, consists of half to one cycle of
vibration.
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Since shorter pulse length (i.e. smaller number of cycles of vibration in the pulse) will occupy
less space in the material it will therefore result in higher depth (or far) resolution. But since
the energy in the pulse (i.e. the transmitting power) is less, the flaw detection sensitivity would
be lowered. Another characteristic of a shorter pulse is its higher frequency band width. This
frequency band consists of higher as well as lower frequencies around the resonance frequency
of the probe. The higher frequencies give rise to sharp echoes, therefore, improving the
resolution of the system. Increasing the transmitting power of the probe will increase the pulse
length generated by the probe thus increasing the flaw detection sensitivity and reducing the
resolution of the system.
Ultrasonic flaw detectors are usually provided with a two position transmitting power control.
The first position of the control provides a low power electrical pulse to the probe. This position
provides sufficient flaw detection sensitivity and higher resolution and most of the flaw
detection is carried out with this position.
However, when inspecting specimens with either large thicknesses or high attenuation
characteristics, the transmitting power of position one may not be sufficient. In such cases
position two of the control is used. In this position, a higher power electrical pulse is provided
to the probe for generating a longer ultrasonic pulse (higher energy). This position therefore
renders high flaw detection sensitivity and lower resolution.
4.2.3. Linearity
The amplifier should amplify small signals as much as the large signals. This is an essential
requirement, since flaw size in ultrasonic detection is determined by comparing the echo
heights. As already mentioned the range of inputs at which the amplifier exhibits this
characteristic (known as the linearity) is called the dynamic range of the amplifier. In ultrasonic
flaw detection this property of linearity has to be checked regularly as a part of the calibration
process
4.2.4. Saturation
Beyond a certain maximum input the amplifier will not amplify the signal in the same ratio as
it does in the dynamic range. The amplification or the gain of the amplifier decreases for inputs
with greater signal amplitude. This phenomenon is called the saturation of the amplifier. Since
flaw sizing in the saturation region of the amplifier will not be accurate, therefore, an attenuator
is provided to control the input to the amplifier; to keep it below the saturation limit. The
attenuator control enables the operator to determine accurate flaw size for inputs larger than the
saturation limit as well.
4.3.SIGNAL PRESENTATION
4.3.1. Echo amplitude and its control
A convenient way of measuring changes in amplification or attenuation of ultrasonic waves is
in terms of decibel (dB). A decibel is l/l0 th of a bel which is a unit based on logarithms to the
base 10. In physics, the term “power” is used to mean the rate at which work is done. If two
powers are taken as ‘P1’ and ‘P2’, they are said to differ by ‘n’ bels when
𝑃1/𝑃2 = 10
or
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𝑛 = log 𝑃1/𝑃2 bels
Hence, since 1 bel is equal to 10 decibels the above equation can be rewritten as:
n = 10 log P1/P2 decibels
Acoustical power is proportional to the square of the amplitude and hence for comparison of
amplitudes Al and A2, we have:
(4.1)
n = 10 log(A1/A2)
As the amplitudes of the reflected ultrasonic waves are proportional to the heights of the echoes
displayed on the CRT screen, therefore Equation 4.1 can be modified as:
(4.2)
𝑛 = 20 log 𝐻1/𝐻2 𝑑𝐵
Where,
H1 = echo height proportional to ultrasonic wave amplitude A1
H2 = echo height proportional to ultrasonic wave amplitude A2
The advantages of decibel unit are:
(a)

large echo height ratios can be given in small figures, e.g.
1000 : 1 = 60 dB
1000,000 : 1 = 120 dB

(b)

a reversal of the echo height ratios only requires a change of sign, e.g.
100,000 : 1 = +80 dB , and
1 : 100,000 = –80 dB

(c)

multiplication of the echo height ratios corresponds to the simple addition of a dB value,
e.g.
gain factor 2

+6 dB

gain factor 10

+20 dB

gain factor 100

+40 dB

4.3.2. A-scan presentation
The most commonly used presentation is the A-scan presentation. In this presentation, the
horizontal line on the screen indicates the elapsed time and the vertical deflection shows the
echo amplitude. From the location and amplitude of the echo on the screen the depth of the flaw
in the material and an estimate of the size of the flaw can be made. A typical A-scan system is
shown in Figure 4.15.
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FIG. 4.15. A-scan presentation (Basic display).

4.3.3. B-scan presentation
B-scan display is a plot of time versus distance, in which one orthogonal axis on the display
corresponds to elapsed time, while the other axis represents the position of the transducer along
a line on the surface of the testpiece relative to the position of the transducer at the start of the
inspection. Echo intensity is not measured directly as it is in A-scan inspection, but is often
indicated semiquantitatively by the relative brightness of echo indications on an oscilloscope
screen. A B-scan display can be likened to an imaginary cross section through the testpiece
where both front and back surfaces are shown in profile. Indications from reflecting interfaces
within the testpiece are also shown in profile, and the position, orientation, and depth of such
interfaces along the imaginary cutting plane are revealed.

4.3.3.1.System Setup
A typical B-scan system is shown in Figure. 4.16. The system functions are identical to the Ascan system except for the following differences.
First, the display is generated on an oscilloscope screen that is composed of a long-persistence
phosphor, that is, a phosphor that continues to fluoresce long after the means of excitation
ceases to fall on the fluorescing area of the screen. This characteristic of the oscilloscope in a
B-scan system allows the imaginary cross section to be viewed as a whole without having to
resort to permanent imaging methods, such as photographs. (Photographic equipment, facsimil
recorders, or x-y plotters can be used to record B-scan data, especially when a permanent record
is desired for later reference.)
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FIG. 4.16 Typical B-scan setup, including video-mode display, for basic pulse-echo ultrasonic inspection.

Second, the oscilloscope input for one axis of the display is provided by an electromechanical
device that generates an electrical voltage or digital signals proportional to the position of the
transducer relative to a reference point on the surface of the testpiece. Most B-scans are
generated by scanning the search unit in a straight line across the surface of the testpiece at a
uniform rate. One axis of the display, usually the horizontal axis, represents the distance
traveled along this line.
Third, echoes are indicated by bright spots on the screen rather than by deflections of the time
trace. The position of a bright spot along the axis orthogonal to the search-unit position axis,
usually measured top to bottom on the screen, indicates the depth of the echo within the
testpiece.
Finally, to ensure that echoes are recorded as bright spots, the echo-intensity signal from the
receiver-amplifier is connected to the trace-brightness control on the oscilloscope. In some
systems, the brightnesses corresponding to different values of echo intensity may exhibit
enough contrast to enable semiquantitative appraisal of echo intensity, which is related to flaw
size and shape.

4.3.3.2.Signal Display.
The oscilloscope screen in Figure.4.16 illustrates the type of video-mode display that is
generated by B-scan equipment. On this screen, the internal flaw in the testpiece shown at left
in Figure 4.16 is shown only as a profile view of its top reflecting surface. Portions of the
testpiece that are behind this large reflecting surface are in shadow. The flaw length in the
direction of search-unit travel is recorded, but the width (in a direction mutually perpendicular
to the sound beam and the direction of search-unit travel) is not recorded except as it affects
echo intensity and therefore echo-image brightness. Because the sound beam is slightly conical
rather than truly cylindrical, flaws near the back surface of the testpiece appear longer than
those near the front surface.
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4.3.3.3.Applications.
The chief value of B-scan presentations is their ability to reveal the distribution of flaws in a
part on a cross section of that part. Although B-scan techniques have been more widely used in
medical applications than in industrial applications, B-scans can be used for the rapid screening
of parts and for the selection of certain parts, or portions of certain parts, for more thorough
inspection with A-scan techniques. Optimum results from B-scan techniques are generally
obtained with small transducers and high frequencies.
4.3.4. C-scan presentation
C-scan display records echoes from the internal portions of testpieces as a function of the
position of each reflecting interface within an area. Flaws are shown on a readout, superimposed
on a plan view of the testpiece, and both flaw size (flaw area) and position within the plan view
are recorded. Flaw depth normally is not recorded, although it can be measured
semiquantitatively by restricting the range of depths within the testpiece that is covered in a
given scan. With an increasing number of C-scan systems designed with on-board computers,
other options in image processing and enhancement have become widely used in the
presentation of flaw depth and the characterization of flaws. An example of a computerprocessed C-scan image is shown in Figure 4.17, in which a graphite-epoxy sample with impact
damage was examined using time-of-flight data. The depth of damage is displayed with a color
scale in the original photograph.

FIG. 4.17.Time-of-flight C-scan image of impact damage in graphite-epoxy laminate supported by two beams (arrows).

172

4.3.4.1.

System Setup

In a basic C-scan system, shown schematically in Figure 4.18, the search unit is moved over
the surface of the testpiece in a search pattern. The search pattern may take many forms; for
example, a series of closely spaced parallel lines, a fine rastor pattern, or a spiral pattern (polar
scan). Mechanical linkage connects the search unit to x-axis and y-axis position indicators,
which in turn feed position data to the x-y plotter or facsimile device. Echorecording systems
vary; some produce a shaded-line scan with echo intensity recorded as a variation in line
shading, while others indicate flaws by an absence of shading so that each flaw shows up as a
blank space on the display Figure 4.18.

FIG. 4.18. Typical C-scan setup, including display, for basic pulse-echo ultrasonic immersion inspection.

4.3.4.2.Gating
An electronic depth gate is another essential element in C-scan systems. A depth gate is an
electronic circuit that allows only those echo signals that are received within a limited range of
delay times following the initial pulse or interface echo to be admitted to the receiver-amplifier
circuit. Usually, the depth gate is set so that front reflections and back reflections are just barely
excluded from the display. Thus, only echoes from within the testpiece are recorded, except for
echoes from thin layers adjacent to both surfaces of the testpiece. Depth gates are adjustable.
By setting a depth gate for a narrow range of delay times, echo signals from a thin slice of the
testpiece parallel to the scanned surface can be recorded, with signals from other portions being
excluded from the display.
Some C-scan systems, particularly automatic units, incorporate additional electronic gating
circuits for marking, alarming, or charting. These gates can record or indicate information such
as flaw depth or loss of back reflection, while the main display records an overall picture of
flaw distribution.
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4.4.RECORDING INSTRUMENTS
4.4.1. Automatic monitor
Many instruments are equipped with a monitor function which facilitates observing the flaw in
the expectancy range. The start and end of the flaw expectancy range can thereby be marked
by means of a step on the base line of the screen or an additionally displayed bar on the screen.
If now an echo appears within this range then this releases a visible and/or audible alarm signal.
The response threshold of the monitor is also variable so that an echo indication only releases
the alarm when it has reached a certain height. This mode of operation is called “coincidence”
mode. Some systemse are fitted with monitor which can also operate in the “anticoincidence”
mode, i.e. an echo indication only releases the alarm when it has fallen below a certain threshold
value. The anticoincedence mode is usually used for monitoring the backwall echo height. This
monitoring enables the operator to check whether sufficient ultrasonic energy is being
transmitted into the test specimen or not.
In addition to the monitor function, most of these instruments have a control output which can
be used to further process the information. As soon as an echo appears within the monitor
threshold a voltage is fed to the control output which is proportional to the echo height and
which can be immediately used for automatic recording. By means of this monitor function
together with a path pick-up which is fixed into the probe, C-scans of workpieces can be easily
printed on an X-Y recorder.
4.4.2. Computer interfacing
The signal acquired through a conventional ultrasonic flaw detection system can only be
processed by a computer if it is first converted into a digital signal. The digitization of the
analogue signal is carried out in a special electronic circuit called the analogue-to-digital
converter (ADC) which samples the incoming analogue signal at a fast rate of more than 20
MHz. This process of connecting the output of an ultrasonic flaw detector through an ADC to
the computer is called as computer interfacing. The ADCs used in ultrasonic detection are either
of successive approximation type or of flash type of 8 or 12 bit resolution and sample rate (or
conversion rate) of 20 MHz or above.
ADCs of 8 to 12 bit resolution and a sampling rate of 200 MHz or more are available on boards
which can be mounted into an empty slot provided in a personal computer. These boards will
then digitize and store the output of the flaw detector which can then be processed by the
computer using appropriate software packages.
4.4.3. Recorders, printers and colour markers
4.4.3.1.Recorders
Almost any type of recorder can be used in ultrasonic test systems. The type of recorder is
usually related closely to the mechanical scanner used, since search unit position is often one
or two of the variables to be recorded. Some of the pertinent advantages of various recorders
follow.
Strip chart recorders
These recorders are usually the least expensive type. Chart paper flows through the recorder at
a constant rate while a pen (or pens in a multi-channel recorder) moves back and forth across
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the paper. They are useful where the search unit is carried over the test piece at a constant rate
so that its position can be determined easily from the chart.
The helix-drum type recorder is commonly used to make C-scan recordings. In this recorder a
chemically treated paper is passed between a bar and a drum with a helix of wire wrapped
around it. The printing bar has a narrow edge and is connected to the output of an alarm or
proportional output gate. The other electrical terminal is the helix. As the drum rotates, the
contact point between it and the bar scans across the paper. Electric current passing through the
paper between the bar and the helix darkens the paper. The scanning of the probe over the work
piece can be directly coupled to the scan of the spot across the paper. At the end of each scan
the search unit and the paper are both indexed along. C-scan recordings showing many shades
of gray are possible, each shade representing different amplitude.
X-Y recorders
In an X-Y recorder the pen moves in two orthogonal directions and the paper remains stationary.
In many models the pen can be lifted from the paper automatically allowing its use as a C-scan
recorder. Also in many models a constant scan speed along one axis can be chosen if desired.
Magnetic tape recorders
Tape recorders have been used for recording the A-scan display of the CRT screen directly,
although the tape must be played back on another CRT device. However, this scheme does
allow retention and re-examination of the signal pattern seen during an inspection.
4.4.3.2.Printers
Digital recorders are new to ultrasonic testing. They print rows of numbers on a paper tape
rather than drawing lines. Each column or group of columns of numbers can record several
different variables simultaneously. The numerical print out is often much easier to use than
trying to read values from a scale on a strip chart. However, electrical data must be supplied to
the recorder in a digital form. This means that analogue to digital converters must be used thus
increasing the cost of the system, or the system must be designed to produce data in a digital
form originally.
4.4.3.3.Colour markers
Colour markers are devices which are triggered by the monitor gates to mark the location of
flaws on the test specimen surface. These devices are usually used in automatic inspection of
plates, bars, billets, pipes, etc.
In immersion testing the location of flaws is either marked by using a pneumatically operated
lipstick or by running a grinding belt which is pressed against the specimen at positions of the
flaw.
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5. CHAPTER 5.

CALIBRATION OF THE TESTING SYSTEM

5.1.PURPOSE OF CALIBRATION
The standardization of the ultrasonic inspection allows the same test procedure to be conducted
at various times and locations and by different persons with reasonable assurance that the results
obtained will be accurate, reliable and reproducible. Standardization also provides a basis for
estimating the sizes of any flaws that are found.
In ultrasonic testing calibration means the verification and adjusting of ultrasonic equipment
characteristics so that reliable and reproducible test results are obtained. The calibration
procedure used in ultrasonic testing can be classified into:
(i)

Equipment characteristics verification.

(ii)

Range calibration.

(iii) Reference level or sensitivity setting.
Different types of calibration and reference blocks are used to achieve the above three
objectives.
The inspection or reference standards for pulse-echo testing include test blocks containing
natural flaws, test blocks containing artificial flaws, and the technique of evaluating the
percentage of back reflection. Inspection standards for thickness testing can be plates of various
known thicknesses or can be stepped or tapered wedges.
5.1.1. Test blocks containing natural flaws
Test blocks containing natural flaws are metal sections similar to those parts being inspected.
Sections known to contain natural flaws can be selected for test blocks.
Test blocks containing natural flaws have only limited use as standards, for two principal
reasons:
It is difficult to obtain several test blocks that give identical responses. Natural flaws vary in
shape, surface characteristics, and orientation, and echoes from natural flaws vary accordingly.
It is often impossible to determine the exact nature of a natural flaw existing in the test block
without destructive sectioning
5.1.2. Test blocks containing artificial flaws
Test blocks containing artificial flaws consist of metal sections containing notches, slots, or
drilled holes. These test blocks are more widely accepted as standards than are test blocks that
contain natural flaws.
5.1.3. Percentage of back reflection
As an alternative to reference blocks, an internal standard can be used. In this technique, the
search unit is placed over an indication-free area of the part being inspected, the instrument
controls are adjusted to obtain a predetermined height of the first back reflection, and the part
is evaluated on the basis of the presence or absence of indications that equal or exceed a certain
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percentage of this predetermined amplitude. This technique, known as the percentage of back
reflection technique, is most useful when lot-to-lot variations in ultrasonic transmissibility are
large or unpredictable condition often encountered in the inspection of steels.
5.2.STANDARD TEST BLOCKS
5.2.1. I.I.W. Calibration Block (V1 Block)
The most versatile calibration block is the block made from medium carbon ferritic and
normalized steel described by the International Institute of Welding (I.I.W) and proposed by
the International Standard Organization (I.S.O.). This block, called the I.I.W. V1 block, is as
shown in Figure 5.1.

FIG. 5.1. Test block I.I.W. (V1) for calibration of an equipment with normal and angle probes.

This block is generally used for:
(i) The calibration of the time base using 25 mm, 100 mm and 200 mm thickness with the
normal beam probes and 100 mm quadrant for angle beam probes;
(ii) The determination of probe index using 100 mm quadrant;
(iii) The determination of the probe angle using plastic wedge and degrees stamped on the
side of the block. The angle beam transducer is subject to wear in normal use. This wear
can change the probe index and the probe angle;
(iv) The checking of performance characteristics of the ultrasonic flaw detector such as:


Time base linearity;



Screen height linearity;



Amplitude control linearity;



Resolving power;



Penetrative power;



Horizontal linearity;
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Dead zone check;



Pulse length.

(v) The setting of sensitivity;
(vi) The calibration of time base and sensitivity setting for DGS method;
(vii) The comparison of various materials due to their different acoustic velocities.
5.2.2. The Miniature Angle-Beam Block (V2 Block)
This is a more compact form of the V1 block suitable for site use, although somewhat less
versatile in its function. It is also described by International Institute of Welding (I.I.W). The
latest version of this block is shown in (Figure 5.2). It is particularly suitable for short near field
lengths and the time base calibration of small diameter normal and angle probes.
This calibration block is made of steel with the dimensions in millimetres as shown in Figure
5.2. The tolerances are 0.1 mm except on the length of the engraved scale where they are 0.5
mm. This calibration block contains two quadrants having radii of 25 mm and 50 mm. Point
‘A’ is the common focal point for both quadrants. The uses of the block are as follows:
(i) Checking the characteristic of angle beam probe;
(ii) Calibration of time base of ultrasonic instruments;
(iii) Probe index point;
(iv) Beam angle;
(v) Metal distance calibration.

FIG. 5.2. Miniature Angle-Beam Block (V2).

5.2.3. Thickness Blocks
Thickness Blocks Stepped or tapered test blocks are used to calibrate ultrasonic equipment for
thickness measurement. These blocks are carefully ground from material similar to that being
inspected, and the exact thickness at various positions is marked on the block.
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FIG. 5.3. Step wedge calibration block.

5.2.4. ASME reference block
The block is used to construct a distance-amplitude-correction (DC) curve on the CRT screen
by noting the changes in echo amplitude from the hole with change in scanning distance
(multiple skip). This block is made from the same material as that of the test specimen and
contains side drilled holes. Thickness of the block and the diameter of the side drilled holes
depend on the thickness of the test specimen. A typical ASME reference block called the basic
calibration block (BCB) used for the inspection of welds is shown in Figure 5.4.

Weld Thickness, t,
in.(mm)
Up to 1(25)
Over 1 (25) through 2 (50)

Calibration Block
Thickness, T,
in. (mm)

¾ (19) or t
(18) or t

Hole Diameter,
in. (mm)
3/32 (2.5)

1/8 (3)

Over 2 (50) through 4 (100)

3 (75), or t

3/16 (5)

Over 4 (100)

t ± 1 (25)

[Note (1)]

FIG. 5.4. ASME Basic Calibration Block (BCB).
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Notch Dimensions.
in. (mm)
Notch depth = 2% T
Notch width = ¼ (6) max.
Notch length = 1 (25) min.

5.2.5. ASME basic calibration block for piping
The basic calibration block configuration and reflectors shall be as shown in Figure 5.5 and in
accordance with the following general notes. Thickness, T, shall be within 25% of the nominal
thickness of the component to be examined. The block size and reflector locations shall be
adequate to perform calibration for the beam angles used.

FIG. 5.5. Calibration block for pipe.

*Notches shall be located not closer than for 1 in. (25 mm), whichever is greater, to any block edge or to other notches.
GENERAL NOTES:
(a)

The minimum calibration block length (L) shall be 8 in. (200 mm) or 8T, whichever is greater;

(b) For OD 4 in. (100 mm) or less, the minimum arc length shall be 270 deg. For OD greater than 4 in.
(100 mm), the minimum arc length shall be 8 in. (200 mm) or 3T, whichever is greater;
(c)

Notch depths shall be 8% T minimum to 11% T maximum. When cladding is present, notch depths on
the cladding side of the block shall be increased by the cladding thickness, CT (i.e., 8% T+ CT minimum
to 11% T+ CT maximum). Notch widths shall be 1/4 in. (6 mm) maximum. Notch lengths shall be 1 in.
(25 mm) minimum;

(d) Maximum notch width is not critical. Notch may be made with EDM or with end mill upto ¼ in. (6mm)
in diameter;
(e)

Notch lengths shall be sufficient to provide for calibration with a minimum 3 to 1 signal to noise ratio.

5.2.5.1.Block Curvature
(i) Materials with Diameters 20 in. (500 mm) and Less;
For examinations in materials where the examination surface diameter is equal to or less
than 20 in. (500 mm), a curved block shall be used. A single curved basic calibration block
may be used for examinations in the range of curvature from 0.9 to 1.5 times the basic
calibration block diameter. For example, an 8 in (200 mm) diameter block may be used to
calibrate for examinations on surfaces in the range of curvature from 7.2 in. to 12 in. (180
mm to 300 mm) in diameter. The curvature range from 0.94 in. to 20 in. (24 mm to 500 mm)
in diameter requires 6 curved blocks as shown in (Figure.5.6) for any thickness range.
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FIG. 5.6. Ratio Limits for curved surface.

(ii) Materials with Diameters Greater Than 20 in. (500 mm);
For examinations in materials where the examination surface diameter is greater than 20 in.
(500 mm), a block of essentially the same curvature, or alternatively, a flat basic calibration
block, may be used. An adjustment of receiver gain may be required when flat calibration
blocks are used.
To determine the required increase in gain, the ratio of the material radius, R, to the critical
radius of the transducer, Rc, must be evaluated as follows.
(a) When the ratio of R /Rc, the radius of curvature of the material R divided by the critical
radius of the transducer Rc from Table 5-I and Figure.5.7 is equal to or greater than 1.0,
no gain correction is required;
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TABLE 5.1. TRANSDUCER FACTOR F1 FOR VARIOUS ULTRASONIC TRANSDUCER DIAMETER
AND FREQUENCY.

Transducer Diameters, in.

Frequency
MHz

0.25

1.0

2.58

10.3

2.25

5.81

5.0
10.0

0.5

0.75

1.0

1.125

23.2

41.3

52.3

23.2

52.2

92.9

118

12.9

51.2

116

207

262

25.8

103

232

413

523

F1, in.

FIG. 5.7. Critical radius RC for transducer/couplant combination.

Curve

Couplant

Transducer Wear face

A

Motor oil or water

Aluminum Oxide or Boron
Carbide

B

Motor oil or water

Quartz

Glycerine or syn. ester

Aluminum Oxide or Boron
Carbide

C

Glycerine or syn. ester

Quartz

D

Motor oil or water

Plastic

E

Glycerine or syn. ester

Plastic
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(b)

When the ratio of R/Rc is less than 1.0, the gain correction must be obtained from
(Figure.5.8);

12

FIG. 5.8. Correction factor (gain) for various ultrasonic examination parameters.

This gain increase calibrates the examination on the curved surface after establishing calibration
sensitivity on a flat calibration block.
Example:
Material with a 10 in. (250 mm) radius (R) will be examined with a 1 in. (25 mm) diameter 2.25
MHz boron carbide faced search unit using glycerine as a couplant.
(i) Determine the appropriate transducer factor, F1 from Table 5-I; F1 =92.9;
(ii) Determine the Rc from FIG.5.6 Rc= 100 in.(2 500 mm);
(iii) Calculate the R/Rc ratio; 10 in./100 in. = 0.1(250 mm/2 500 mm = 0.1).
Using (Figure.5.8) obtain the gain increase required; 12 dB
5.2.6. Area-amplitude blocks
Area-amplitude blocks provide artificial flaws of different sizes at the same depth. Eight blocks
made from the same 50 mm (2 in.) dia round stock, each 95 mm (3-3/ 4 in.) high, constitute a
set of area-amplitude blocks. The block material must have the same acoustic properties as the
test piece material. Each block has a 20 mm (3/4 in.) deep flat-bottom hole drilled in the center
of the bottom surface (Figure.5.9); the hole diameters vary from 0.4 to 3.2 mm (1/64 to 8/64
in.). The blocks are numbered to correspond with the diameter of the holes; that is, block No. 1
has a 0.4 mm (1/64 in.) diam hole, No. 2 has a 0.8 mm (2/64 in.) diam hole, and so on, up to
No. 8, which has a 3.2 mm (8/64 in.) diam hole. Similar area-amplitude blocks made from 49
mm (1-15/ 16 in.) square stock are sometimes known as Alcoa Series-A blocks
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FIG. 5.9. Area-amplitude block. (Dimensions given in inches).

The amplitude of the echo from a flat bottom hole in the far field of a normal beam probe is
proportional to the area of the bottom of the hole. Therefore these blocks can be used to check
linearity of a pulse echo inspection system and to relate echo amplitude to the area (or, in other
words, the size of a flaw). Because a flat bottom hole is an ideal reflector and most natural flaws
are less than ideal in reflective properties, an area-amplitude block defines a lower limit for the
size of a flaw that yields a given height of indication on the CRT screen. For instance if the
height of indication from a flaw in a test piece is six scale units and this is also the height of the
indication from a 5/64" (1.98 mm) diameter flat bottom hole at the same depth as the flaw, it is
not possible to determine accurately how much larger than the reference hole the flaw actually
is. But the flaw is at least as large as the diameter of flat bottom hole.
5.2.7. Distance-amplitude blocks
Distance-amplitude blocks provide artificial flaws of a given size at various depths (metal
distance). From ultrasonic wave theory it is known that the decrease in echo amplitude from a
flat bottom hole using a circular probe is inversely proportional to the square of the distance to
the hole bottom. Distance-amplitude blocks (also known as Alcoa series-B or Hitt blocks) can
be used to check actual variations of amplitude with distance for normal beam inspection in a
given material.
They also serve as reference for setting or standardizing the sensitivity of the inspection system
so that readable indications will be displayed on the CRT screen for flaws of a given size and
larger, but the screen will not be flooded with indications of smaller discontinuities that are of
no interest. On instruments so equipped, these blocks are used for distance-amplitude correction
so that a flaw of a given size will produce an indication on the CRT screen that is of a
predetermined height regardless of distance from the entry surface.
There are 19 blocks in an Alcoa series-B set. All are 2" (50 mm) diameter blocks of the same
material as that being inspected, and all have a 3/4" ( 19.6 mm) deep flat bottom hole drilled in
the centre of the bottom surface (Figure.5.10). The hole diameter is the same in all the blocks
of a set. Sets can be made with hole diameters of 3/64" (1.19 mm), 5/64" (1.98 mm) and 8/64"
(3.17 mm). The blocks vary in length to provide metal distances of 1/16" (1.59 mm), 1/8"
through 1" (25.4 mm) in 1/8" (3.17 mm) increments and 1-1/4" (31.7 mm) through 5-3/4" (146
mm) in 1/2" (12.7 mm) increments (see Table 5-I).
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FIG. 5.10. Distance-amplitude block.

Each Alcoa series-B block is identified by a code number consisting of a digit, a dash and four
more digits. The first digit is the diameter of the hole in one sixty fourths of an inch. The four
other digits are the metal distance from the top surface to the hole bottom in one hundredth of
an inch. For instance, as illustrated in the Table 5.2 a block marked 3-0075 has a 3/64" (1.19
mm) diameter hole and a 3/4" (19.6 mm) metal distance.
5.2.8. ASTM blocks
ASTM blocks can be combined into various sets of area-amplitude and distance-amplitude
blocks. The ASTM basic set of distance-amplitude blocks consists of ten 2" (50 mm) diameter
blocks, each with a 3/4" (19 mm) deep flat bottom hole drilled in the centre of the bottom
surface. One block has a 3/64" (1.19 mm) diameter hole at a 3" (76.2 mm) metal distance. Seven
blocks have 5/64" (1.98 mm) diameter holes at metal distances of 1/8" (3.17 mm), 1/4" (6.35
mm), 1/2" (12.7 mm), 3/4" (19 mm), 1-1/2" (38.1 mm), 3" (76.2 mm) and 6" (152.4 mm). The
remaining blocks have 8/64" (3.17 mm) diameter holes at 3" (76.2 mm) and 6" (152.4 mm)
metal distances. The ASTM basic set of area-amplitude blocks consists of three blocks with a
3" (76.2 mm) metal distance and holes with diameter of 3/64" (1.19 mm), 5/64" (1.98 mm), and
8/64" (3.17 mm). The remaining amplitude blocks with the 3/64" (1.19 mm) diameter holes
form the set of distance-amplitude blocks.
In addition to the basic set, ASTM lists five more area-amplitude standard reference blocks and
80 more distance-amplitude blocks. Each ASTM block is identified by a code number, using
the same system as that used for the Alcoa series-B set.

TABLE 5.2. DISTANCE-AMPLITUDE SET
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Block
identification
number

Metal distance

Overall length

Inches

mm

Inches

mm

3-0006

0.062 (1/16)

1.57

0.875

22.2

3-0012

0.125 (1/8)

3.2

0.875

22.2

3-0025

0.250 (2/8)

6.4

1.000

25.4

3-0037

0.375 (3/8)

9.5

1.125

28.6

3-0050

0.500 (4/8)

12.7

1.250

31.8

3-0062

0.625 (5/8)

15.9

1.375

34.9

3-0075

0.750 (6/8)

19.1

1.500

36.1

3-0087

0.875 (7/8)

22.2

1.625

41.3

3-0100

1.000

25.4

1.750

44.5

3-0125

1.250 (1-1/4)

31.8

2.000

50.8

3-0175

1.750 (1-3/4)

44.5

2.500

63.5

3-0225

2.250 (2-1/4)

57.2

3.000

76.2

3-02753

2.750 (2-3/4)

69.9

3.500

88.9

3-0325

3.250 (3-1/4)

82.6

4.000

101.6

3-0375

3.750 (3-3/4)

95.3

4.500

114.3

3-0425

4.250 (4-1/4)

108.0

5.000

127.0

3-0475

4.750 (4-3/4)

120.7

5.500

139.7

3-0525

5.250 (5-1/4)

133.4

6.000

152.4

3-0575

5.750 (5-3/4)

146.1

6.500

165.1

5.3.EQUIPMENT CHARACTERISTICS
The most important equipment characteristics to be verified are horizontal linearity, screen
height linearity, amplitude control linearity, resolution of equipment, dead zone estimation and
penetrative power.
5.3.1. Horizontal linearity
The horizontal linearity or time base linearity is a measure of the degree of difference between
an actual distance and a distance read out on the CRT. The IIW (V1) or any block of similar
material and finish may be used to measure horizontal linearity. The choice of thickness is
determined by the requirement that a longitudinal wave probe placed on the block produces
several backwall echoes (usually four or five) within the chosen range. For checking the
linearity two of the backwall echoes (say, the first and fourth in a five echo display) should be
set to coincide with appropriate scale divisions. The position of each of the remaining echoes
is then carefully noted. The maximum tolerance is 1% for the range chosen. Non-linearity of
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the time base is seldom a real problem with modern flaw detectors and the most common cause
of apparent non-linearity is the poor calibration of time base zero by the operator.
An important precaution to take during the assessment of time base linearity is that time base
readings are taken as each signal is brought to a common amplitude.
5.3.2. Screen height linearity
To verify the ability of the ultrasonic instrument to meet the linearity requirement, position an
angle beam search unit as shown in (Figure-5.11) so that indications can be observed from both
the ½ and ¾ T holes in a basic calibration block. Adjust the search unit position to give a 2:1
ratio of amplitudes between the two indications, with the larger set at 80% of full screen height.
Without moving the search unit, adjust sensitivity (gain) to successively set the larger indication
from 100% to 20% of full screen height, in 10% increments (or 2 dB steps if a fine control is
not available), and read the smaller indication at each setting. The reading must be 50% of the
larger amplitude, within 5% of full screen height.
The settings and readings must be estimated to the nearest 1% of full screen. Alternatively, a
straight beam search unit may be used on any calibration block which will provide amplitude
differences, with sufficient signal separation to prevent overlapping of the two signals.

FIG. 5.11. Screen height linearity.

5.3.3. Amplitude control linearity
For the checking of amplitude control linearity, the time base is calibrated for a desired range
and an echo about midway along the time base is obtained. The echo amplitude is set to a
desired height and the attenuator reading is noted. The attenuator setting is then reduced by 6
dB, four or five times in succession and the decrease in echo amplitude is noted every time. The
indication shall fall within specified limits as given in the Table 5-III.

TABLE 5.3. AMPLITUDE CONTROL LINEARITY
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Indication Set at
% of Full Screen
80%
80%
40%
20%

dB Control
Change
-6 dB
-12 dB
+6 dB
+12 dB

Indication Limits
%of Full Screen
32 to 48%
16 to 24%
64 to 96%
64 to 96%

5.3.4. Resolution
The resolution of a flaw detector is the ability to resolve minor difference in distance and
direction. To determine the resolution of a flaw detector I.I.W V1 block is used with normal
beam probes. This block has three target reflectors at ranges of 85 mm, 91 mm and 100 mm. A
probe is placed on the block as shown in (Figure-5.12) and echoes from the three reflectors are
obtained. The separation of the echoes from each other indicates the degree of resolution of the
flaw detector for that particular probe. Figures 5.13 (b) and (c) show the degree of resolution
for a flaw detector using two different normal beam probes.

(a)
FIG. 5.12. (a)Placement of probe on I.I.W V1 block to determine the resolution of flaw detector and probe system.

(b)

(c)

FIG. 5.13. (bandc) CRT display showing resolving power of the flaw detector using two different normal beam probes; (b) shows
better resolution, while, (c) shows a poor resolution.

A rough estimate of the length of the dead zone beneath a compressional wave probe is
obtainable using the 1.5 mm hole and the plastic insert of the V1 block. Any attempt to add
holes would limit its usefulness, and the use of a special block of the kind shown in
Figure 5.14 is, therefore, recommended. With this block the resolution is determined by the
minimum distance apart that flaws can be indicated clearly and separately. In use the probe is
placed on the centre line of the block over the change in radius from one step to the next. Its
position is adjusted so that echoes from the two radii are of the same height and approximately
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1/2 full screen height. The steps are said to be resolved when their echoes are clearly separated
at half maximum echo height or less.

FIG. 5.14. British standard test block for measuring resolution of the probe and the flaw detector system.

5.3.5. Maximum penetrative power
It describes a check which is used to compare the energy output for a particular set and probe
with its past performance or with similar equipment. The check is carried out as follows:
A longitudinal wave probe is placed on the plastic insert (methyl polymethacrylate cylinder) of
the I.I.W V1 block (Figure 5.15) having a thickness of 23 mm which is equal to 50 mm of steel
and the gain for the instrument is set to its maximum. The number of multiple echoes and the
amplitude of the last echo are noted and are used to express the maximum penetrative power of
the set and the probe.

FIG. 5. 15 Placement of normal beam probe to determine penetrative power of the system.

5.3.6. Dead Zone
The dead zone is the depth below the entry surface that cannot be inspected because the initial
pulse interferes with echo signals.
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An indication of the length of the dead zone of a straight-beam search unit can be obtained by
placing the search unit on surface G or F in line with the 50 mm (2 in.) diameter hole. When
the search unit is placed on surface F, a discernible echo from the 50 mm (2 in.) diameter hole
indicates a dead zone of less than 5 mm (0.2 in.). Similarly, when the search unit is placed on
surface G, a discernible echo from the 50 mm (2 in.) diameter hole indicates a dead zone of less
than 10 mm (0.4 in.). Alternatively, the length of the dead zone can be measured by calibrating
the time base of the instrument, then measuring the width of the initial-pulse indication at the
base of the signal, as illustrated schematically in (Figure 5.17).

G
F
FIG. 5.17. Schematic showing how dead zone is measured against vertical reference lines. The vertical reference lines
represent a unit of vertical thickness.

5.4.CALIBRATION WITH NORMAL PROBES
5.4.1. Calibration of time base
5.4.1.1.Using V1 block
For calibration of the time base with a normal beam probe for a range of up to 250 mm, the
probe is placed at position C (Figure 5.18) and multiple backwall echoes are obtained and
adjusted to the appropriate scale division of the CRT screen using the delay and fine material
testing range controls. (Figure 5.19) shows the CRT screen display for an 100 mm calibrated
CRT screen. The points where the rising backwall echoes leave the base line have been adjusted
to the appropriate scale divisions to give the time base calibration.
For time base calibration of more than 250 mm with normal beam probe, the probe is placed at
position A or B (Figure 5.18) and multiple backwall echoes are obtained and adjusted to the
appropriate scale divisions. The CRT screen display for a one metre range is shown in Figure
5.20. For time base calibration of 91, 182, 273, normal beam probe is placed at position D.
Multiple backwall echoes are used for time base calibration because the distance between the
transmission pulse and the first backwall echo is some what larger than the distance between
two consecutive multiple echoes. This zero error is caused by the ultrasound travelling in the
transducer, probe protective layer (if any) and the layer of the couplant before entering the
specimen.
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FIG. 5.18. Probe positions on I.I.W. (V1) calibration block for different thickness ranges.

TABLE 5.4. RELATIONSHIP BETWEEN THE PROBE POSITIONS AND THE THICKNESS RANGES
FOR CALIBRATION

Probe position on calibration
block

Thickness ranges (mm)

A

200, 400, 600, ----------------------------------------------

B

100, 200, 300, 400, 500,----------------------------------

C

25, 50, 75, 100, 125, 150, 175, 200, 225, 250

D

91, 182, 273,------------------------------------------------

FIG. 5.19. CRT screen display for 100 mm test range calibration (when the probe is placed at position ‘C’).
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FIG. 5.20. CRT screen display for one metre test range calibration (when the probe is placed at position ‘B’).

5.4.1.2.Using V2 block
A normal probe is placed on the block as shown in (Figure 5.21 a) and multiple backwall echoes
are obtained. These echoes are adjusted using the test range and delay controls. (Figure 5.21 b)
shows the screen display for a 50 mm range calibration.

(a)

(b)
FIG. 5.21. (a and b). Probe position on I.I.W V2 calibration block for test range of 50 mm and CRT screen display.

193

5.5.CALIBRATION WITH ANGLE PROBES
5.5.1. Range calibration
5.5.1.1.Using V1 block
For a range of 100 mm or more the most direct method is to get multiple backwall echoes from
the 100 mm quadrant by placing the probe at position ‘E’ (Figure 5.22 a). A CRT screen display
for a range of 200 mm is shown in (Figure 5.22 b).

FIG. 5.22. (a). Probe position for the test range calibration of 100 mm and above with angle probes.

FIG. 5.22. (b). CRT screen display for 200 mm test range calibration (when the probe is positioned at ‘E’).

FIG. 5.23. (a). Peak B is set provisionally at or near 10 using the sweep length control.
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FIG. 5.23. (b). Peak B is set at 0 and Bꞌ is set at 10 using the delay and sweep length controls respectively.

FIG. 5.23. (c). Set peak B to 10 using the delay control. The zero is automatically correct.

5.5.1.2. Using V2 block
The time base calibration for an angle beam probe for range up to 250 mm can be done by one
of the following two methods. In both these methods, the probe is moved to and fro until a
maximum echo is obtained.
In the first method the probe faces the 25 mm radius quadrant as shown in (Figure 5.24 a). By
this method the screen can be calibrated for 100 mm, 175 mm, 200 mm and 250 mm ranges.
For 100 mm test range calibration, facing the probe crystal to 25 mm quadrant of V2 block,
first echo is obtained from 25 mm quadrant, the same wave is then reflected from probe index
towards 50 mm quadrant. This wave is reflected back to the probe crystal which is not received
by the crystal due to the orientation of the crystal as it is towards 25 mm quadrant. Again it is
reflected to the 25 mm quadrant, this reflected wave from 25 mm quadrant is received by the
crystal. The echo obtained now is at 100 mm on CRT, which means that after first echo obtained
at 25 mm on CRT the other multiple echoes will be obtained at an interval of 75 mm. The echo
pattern for a 200 mm range is as shown in (Figure 5.24 b). The echoes appear at 25 mm, 100
mm, and 175 mm. For a 250 mm range the echoes appear at 25 mm, 100 mm, 175 mm and 250
mm.

(a)

(b)

FIG. 5.24. (a and b). Calibration of time base up to 200 mm using V2 block and angle probe facing the 25 mm quadrant.

In the second method the probe faces the 50 mm radius quadrant as shown in (Figure 5.25 a).
The CRT screen in this case can be calibrated for ranges of 125 mm and 200 mm. The CRT
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screen pattern for a 200 mm range is as illustrated in (Figure 5.25 b). The echoes appear at 50
mm, 125 mm and 200 mm.

(a)

(b)

FIG. 5.25 (a and b). Calibration of time base up to 200 mm using V2 block and angle probe facing the 50 mm quadrant.

In this method the echo from the 50 mm quadrant is set at 10th scale division of CRT screen
using the sweep control or range control. The probe is then reversed so that the echo from the
25 mm quadrant in obtained. This echo is set at 5th scale division of CRT screen using the delay
control. The procedure is repeated until the echoes from 25 mm and 50 mm quadrants
respectively coincide with 5 and 10 scale divisions of CRT. The calibration for 50 mm range is
then said to have been achieved.
5.5.2. Determination of the probe index
5.5.2.1.Using V1 block
The probe is placed at position L on the calibration block (Figure 5.26) and a backwall echo
from the 100 mm quadrant is obtained. The maximum amplitude of this backwall echo is
determined by moving the probe to and fro about the position L. When the maximum amplitude
is found then the point on the probe which coincides with the point 0 (or cut mark) on the block
is the probe index.
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FIG. 5.26. Determination of probe index using V1 block.

5.5.2.2.Using V2 block
The probe is placed either facing the 25 mm quadrant or the 50 mm quadrant to obtain echoes
at 25 mm or 50 mm on the CRT screen. The probe is moved to and fro to maximize the echo.
When the echo amplitude is a maximum, the probe index is obtained by extending the centre
mark of the millimetre scale on the block on to the probe.
5.5.3. Determination and checking the probe angle
5.5.3.1.Using V1 block
To determine the probe angle, the probe is moved to and fro according to its angle either at
position “a” (35 to 60 ), “b” (60 to 75 ) or “c” (75  to 80 ) as shown in (Figure 5.27) until
the amplitude of the echo from the perspex insert or 1.5 mm diameter hole is maximum. The
angle of the probe is the one at which the index of the probe meets the angle scale on the block
when the echo amplitude is maximum.

FIG 5.27. Determination of probe angle using V1 block.
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5.5.3.2.Using V2 block
To determine the actual probe angle, the probe index is placed against the appropriate probe
angle inscribed on the block with the beam directed towards the hole (Figure 5.28). The probe
is moved to and fro until the echo is a maximum. An estimate of the probe angle is then made
by noting the probe index position with respect to the angles inscribed on the block.

FIG. 5.28. Checking of probe angles using V2 block.

5.6.CALIBRATION IN CURVED WORK PIECES
5.6.1. Sensitivity
Two factors contribute to the reduction in sensitivity when a test specimen with a curved surface
is ultrasonically tested. One is the widening or divergence of the transmitted beam because of
refraction and the other is the reduction in the contact area between the probe and the test
specimen. Both of these effects are shown in (Figure 5.29).

FIG. 5.29. Additional sound beam divergence caused by refraction between couplant and work piece surface.

The contact area can be increased, and thus the contribution of this factor in reducing sensitivity
can be minimized, by the use of an adapter block or shoe. These blocks are made to fit the
surface curvature of the test specimen.
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5.6.2. Skip distance and beam path length correction
The range calibration for a test with angle probes is usually made with I.I.W V1 calibration
block. The skip-distances and beam-path-length respectively are increased by factors ‘𝑓 ’ and
‘𝑓 ’, which depend on the probe angle  and the ratio of wall thickness ‘d’ to the outside
diameter ‘D’ (i.e. d/D) and can be obtained from (Figures 5.30 and 5.31) respectively. The
procedure is as follows:
(i) Determine the d/D ratio;
(ii) Draw a line perpendicular to the d/D axis at the value calculated in (i), and determine
its point of intersection with the curve of the probe to be used;
(iii) Draw a line parallel to the d/D axis at this point and determine its point of intersection
with 𝑓 axis;
(iv) Read the values of factor 𝑓 ;
(v) Repeat the above steps for determination of the factor 𝑓 .;
(vi) Using the following formulae, calculate 𝑃 and 𝑆 .
(5.1)
𝑃 =𝑓 × 𝑃
And
(5.2)
𝑆 =𝑓 × 𝑆
Where 𝑃 is the increased full skip distance for curved surface and it is determined by
multiplying the full skip distance in a plate of same thickness, 𝑃 ,with the factor 𝑓 , and 𝑆 is
the increased beam path length, i.e. range due to surface curvature, and 𝑆 is obtained by
multiplying the beam path length, 𝑆 , in a flat material of the same thickness with the factor 𝑓 .
(Figure 5.32) illustrates the concepts.

FIG. 5.30. Skip distance multiplying factor for pipes and curved surfaces.
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FIG. 5.31. Beam path multiplying factor for pipes and curved surfaces.

FIG. 5.32. Correction for curved surfaces.

5.7.CONSTRUCTION OF DAC USING REFERENCE BLOCKS
To compensate for the decrease in ultrasonic beam energy with increasing distance from the
probe, a curve known as 100% DAC, is constructed by using reference reflectors. Usually equal
size side drilled holes with angle beam probes and flat bottomed holes with normal beam probes
machined into a calibration block at different depths from the scanning surface are used. The
DAC is constructed as follows: The echo from a reference reflector which will give a larger
echo than the other reference reflectors for the same gain setting is set to a certain screen height
(say 80% screen height) and the peak of the echo is marked on an attachment scale to CRT
screen. Also the gain setting of the flaw detector is noted down and should be kept constant
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while obtaining the maximized echoes from the other reference reflector. The peak point of
each maximized echo is marked on the attachment of the screen. By joining these points a 100%
DAC on the attachment to the screen is obtained
(Figure 5.33). The gain setting of the
flaw detector for drawing this curve is known as the primary reference echo (PRE) level.
Sometimes a 50% DAC and a 20% DAC is also constructed along with the 100% DAC on the
same attachment scale by plotting a curve joining peak points of the reference echoes when the
PRE level is reduced by 6 dB and 14 dB respectively.
Transfer loss is then calculated between the reference block and the work piece and is added to
the DAC gain. For initial scanning the sensitivity is then set at twice (i.e. +6 dB ) the primary
reference level plus transfer loss. The evaluation of flaws for acceptance or rejection is however
carried out with the gain control set at the PRE level plus the transfer loss.

FIG. 5.33. Construction of 100%, 50% and 20% DAC.

For normal beam probes the distance amplitude correction curve need not be constructed when
the thickness of material is less than 2 inches (50 mm). This correction is only needed for
thicknesses greater than 2 inches (50 mm). To construct the DAC curve, either flat bottom holes
with varying metal distance or side drilled holes are used other procedure is same as for angle
beam probe.
5.8. DGS (DISTANCE-GAIN-SIZE) DIAGRAM
Another method which is used to set the sensitivity, i.e. adjusting the gain control of the
ultrasonic flaw detection system for testing, is the DGS diagram method. This method makes
use of the so-called DGS diagrams.
From a study of the geometry and intensity distribution of a sound beam, following facts can
be concluded:
(i) For small reflectors the amount of sound energy reflected back to the probe is a ratio of
the reflector area and the cross-sectional area of the sound beam at the location of the
reflector. The maximum echo amplitude occurs at one near field length because of
focusing of the sound beam. For distances shorter than one near field length the echo
amplitudes decrease slightly;
(ii) In the far field and for large reflectors, such as a backwall, the echo amplitude is
inversely proportional to the distance from the probe. If the distance is doubled, the echo
amplitude decreases by 50%, i.e. -6 dB;
(iii) For small reflectors, such as small inclusions, blowholes and flat bottom holes in the far
field, the echo amplitude is inversely proportional to square of the distance from the
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probe. If the distance is doubled, the echo amplitude is reduced to 25% or by
-12 dB;
(iv) For small reflectors in the far field, the echo amplitude also depends upon the area of
the reflecting surface and is proportional to the square of the diameter of the reflecting
surface, such as a flat bottom hole. If the diameter is doubled, the echo amplitude is
increased by four times or by +12 dB.
It is on the basis of these facts that DGS diagrams are drawn by comparing the echoes from
small reflectors, namely different diameter flat bottom holes located at various distances from
the probe, with the echo of a large reflector such as a backwall, also at different distances from
the probe. A typical diagram which can be used for any normal probe irrespective of its size
and frequency, and any material is shown in (Figure 5.34).
The horizontal scale gives the distance (D) in near field lengths of the sound beam in the subject
material. Usually normalized value of D is used which is defined as:
(5.3)
𝑠
𝐷= 𝑁
Where,
𝑠
𝑁

=
=

Real distance in mm
Near field length in mm

For a given combination of probe and the test material the value of N can be calculated using
equations in Section 2.7.1.2. These are indicated on a logarithmic scale and have values from
0.1 to 100, etc. The vertical scale represents the gain (G) or attenuator values measured in dB.
In the diagram these range from 0 to 60 dB. The curves show the echo amplitudes from various
sizes (S) of the flat bottom hole reflectors. To make the diagram independent of the diameter
of the probe the values of the disc reflector curves are normalized as given below:
(5.4)
𝑑
𝑆=
𝐷
Where,
𝑆
𝑑
𝐷

=
=
=

Normalized reflector size
Real disc reflector diameter in mm
Effective crystal diameter in mm

In the diagram different curves having values of S ranging from 0.05 to 2.0 are given. The last
curve on the top showing an infinite value of S represents the backwall.
Since in the case of angle beam probes some of the near field length is contained within the
perspex path length and this varies for different designs and sizes of probe, individual DGS
diagrams are drawn for each design, size and frequency of angle beam probe. For this reason
the scale used in the angle beam probe DGS diagrams is simplified: the D-scale is calibrated
in beam path lengths, the G-scale in decibels as before; and the S-scale representing flat bottom
hole or disc shaped reflector diameters in mm. (Figure 5.34) shows a typical DGS diagram for
a particular angle beam probe.
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FIG. 5.34. Universal DGS diagram for normal probes.

FIG. 5.35. Typical DGS diagram for an angle beam probe.

5.9.COUPLING MEDIUM
Proper coupling medium or couplant should be used between the probe and the test specimen
to improve the transmission of ultrasonic energy by eliminating air between the two. Commonly
used couplants in ultrasonic testing are glycerine, water, oils, petroleum greases, silicon grease,
wall-paper paste and various commercial paste like substances. For the selection of a suitable
couplant for a particular ultrasonic inspection task the following points should be taken into
consideration:
(i) Surface finish of the test specimen;
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(ii) Temperature of the test specimen;
(iii) Possibility of chemical reaction between the test specimen and the couplant;
(iv) Cleaning requirements (some couplants are difficult to remove).
(Figure 5.36) shows a comparison of different couplants. It is obvious from that couplant used
during calibration of the equipment and during the testing of the test specimen should be of
same type for reliable results. The figure shows the variation of echo amplitude with variations
in surface roughness and for different types of couplants. Similar studies can be undertaken for
other variables such as temperature of the test surfaces. A simple comparison for the efficiency
of coupling between a test block and the test specimen can be made by measuring the echo
heights in dB respectively on each using the same couplant.
Water is a suitable couplant for use on a relatively smooth surface; however, a wetting agent
should be added. It is sometimes appropriate to add glycerine to increase viscosity; however,
glycerine tends to induce corrosion in aluminium and therefore is not recommended in
aerospace applications.
Heavy oil or grease should be used on hot or vertical surfaces or on rough surfaces where
irregularities need to be filled.

FIG. 5.36. Variations of signal amplitude with types of couplants and different surface roughnes.
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6.

CHAPTER 6. SPECIFIC APPLICATIONS

6.1.METHODS OF EXAMINATION
6.1.1. Cast work pieces
The defects in materials which occur during casting are piping (shrinkage), cavities or
porosities, segregation, coarse grain structure, non-metallic inclusions and cracks.

FIG. 6.1. Shows some of the typical casting defects.

Piping takes place during the solidification of an ingot. The outer layers are the first to solidify.
During this time the liquid metal collects at the top of the ingot where after solidification is
complete, a funnel-shaped cavity may appear due to the shrinkage. The shrinkage cavity will
be either open or closed and, under certain circumstances, secondary cavities may be found.
The material of an ingot may not be homogeneous. Any variation in composition which arises
during solidification is called segregation.
One type of segregation is gravitational, being caused by the separation in the upper part of the
ingot of impurities having a lower temperature of solidification and a different density from the
surrounding metal. This type of segregation consists primarily of sulphur or phosphorus.
A coarse grained structure may result when the pouring temperature is high and cooling takes
place slowly. This sometimes makes it impossible to use ultrasonics because of the high
attenuation in the material.
Gases dissolved in steel separate out when solidification occurs since their solubility in liquid
metal decreases rapidly at this stage. If the gas content is high, gas cavities are often trapped
under the surface or in the interior of the ingot.
Non-metallic inclusions, such as slag or refractories from the steel making process, find their
way into the metal during melting or casting and are quite frequently the ultimate cause of
fatigue cracks.
Longitudinal or transverse cracks may appear during solidification, depending on the method
of construction of the mould, its temperature, the composition of the steel and the temperature
of the melt.
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In castings flaw detection almost exclusively concerns manufacturing defects such as shrinkage
cavities, blow holes, inclusions (usually sand or slag) and cracks (caused by internal stresses
during cooling while metal is already solidified).
Both shear and compression wave techniques are widely used for the examination of castings.
Because the grain structure has an appreciable effect on the attenuation of ultrasonic waves, the
test frequencies used in the examination of castings tend to be lower as compared to the
frequencies used for the testing of other products. Frequencies of 1.25 MHz to 2.5 MHz are
common and occasionally it is necessary to drop to 0.5 MHz in order to penetrate to the far
boundary. The most commonly used probes are compression wave (single and twin crystal) and
shear wave probes of 45°, 60° and 70°. The ultrasonic flaw detector used for the inspection of
castings should therefore cover the frequency range 0.5 MHz to 6 MHz and when used with the
probes selected for the job should have good resolution and penetration characteristics. The
casting can be inspected by using a series of test blocks containing flat bottom holes or by using
a back reflection method.
In the following some common defects in castings along with the techniques commonly used
for their detection are discussed.
6.1.1.1.Shrinkage defects
Shrinkage defects are cavities formed by contraction during solidification and insufficient feed
of metal. These defects are normally associated with gas, and a high gas content will magnify
their extent.
Typical locations at which shrinkage cavities occur are below feeders at change of section and
model points and within large wall sections as centre line flaws shown in Figure 6.2. Acute
angle junctions (V, X or Y) are least satisfactory and T or L junctions are less of a problem.
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FIG. 6.2. Typical locations for shrinkage cavities.

Shrinkage defects in steel castings can be considered as falling into three types, namely: Macroshrinkage, Filamentary shrinkage, and Micro-shrinkage.
(a) Macro-shrinkage;
Macro-shrinkage is a large cavity formed during solidification. The most common type of this
defect is piping which occurs due to an inadequate supply of feed metal. In good design, piping
is restricted to the feeder head.
The technique used to detect this defect depends on the casting section thickness. For sections
greater than 75 mm thick, a single crystal compression wave probe can be used, whilst for
thickness below 75 mm it is advisable to use a twin crystal probe.
The presence of a defect is shown by a complete loss of back wall echo together with the
appearance of a defect echo. An angle probe should be used to confirm the information gained
from the compression wave probe Figure 6.3.

FIG. 6.3. Typical probe positions for testing of casting for macro-shrinkage.

(b) Filamentary shrinkage;
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This is a coarse form of shrinkage, but of smaller physical dimensions than a macro-shrinkage
cavity. The cavities may often be extensive, branching and interconnected.
Theoretically filamentary shrinkage should occur along the centre line of the section, but this
is not always the case and on some occasions it extends to the casting surface. This extension
to the casting surface may be assisted by the presence of pinholes or wormholes. Filamentary
shrinkage can best be detected with a combined double probe if the section is less than 75 mm
thick. Defect echoes tend to be more ragged in outline than for macro-shrinkage. The initial
scan should be carried out with a large diameter (20-25 mm) probe and the final assessment
with a smaller (10-15 mm) diameter probe Figure 6.4.
(c) Micro-shrinkage;
This is a very fine form of filamentary shrinkage due to shrinkage or gas evolution during
solidification. The cavities occur either at the grain boundaries (inter-crystalline shrinkage), or
between the dendrite arms (interdendritic shrinkage).

FIG. 6.4. Double probe scanning of cast iron for filamentary shrinkage.

Using a compression wave probe technique, the indications on the CRT screen from microshrinkage tend to be grass-like, that is, a group of relatively small poorly resolved echoes
extending over some portion of the time base Figure 6.5. The existence of a backwall echo in
the presence of a defect echo will be to some extent dependent on the frequency chosen. For
instance there may be no back wall echo when using a 4-5 MHz probe due to scattering of the
beam. This might suggest a large angular type of defect. However, a change to a 1-2 MHz probe
may well encourage transmission through the defective region to add a back wall echo to the
defect echoes and disproving the large cavity impression

FIG. 6.5. Probe positions and typical CRT appearance for micro-shrinkage.
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6.1.1.2.Defects associated with hindered contraction during cooling
(a) Hot tears
These are cracks which are discontinuous and generally of a ragged form. They are caused by
stresses which develop near the solidification temperature when the contraction of the cooling
metal is restrained by a mould or core, or by an already solid thinner section. In Figure 6.6 some
of the causes and locations of this type of cracking are shown.
(b) Stress cracks
These are well defined, approximately straight cracks which are formed when the metal is
completely solid. The location of hot tears or stress cracks can rarely be determined accurately
using a compression wave probe because of the orientation of the defects. The most satisfactory
technique is to use angled probes.

Hot tear due to mould resistance along directions A and B.

Hot tear due to casting resistance along length C.

Hot tear due to change in section D.

FIG. 6.6. Hot tears.

6.1.1.3. Defects associated with entrapped gas
(c) Airlocks
When molten metal is poured into a mould, air may be trapped in the metal stream and may
appear in the subsequent casting as a cavity or several cavities just below and parallel to the
casting surface. They are normally best detected by twin crystal compression wave probes
Figure 6.7.
(d) Gas holes
These defects are discrete cavities, usually greater than 1.5 mm in diameter which are caused
by the evolution of dissolved gases from the metal during solidification. A wormhole is the
name given to a tubular gas hole which is usually perpendicular to the casting surface. Since
gas holes may be close to the surface, twin crystal compression wave probes are the most
suitable probes to detect them Figure 6.8.
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FIG. 6.7. Typical probe positions and resulting CRT screen appearance for testing of air locks.

FIG. 6.8. Typical probe positions and CRT screen appearance for detection of gas holes.

6.1.2. Welded work pieces
In the welding process, two pieces of metal are joined together. Molten filler metal from the
welding rod blends with the molten parent metal at the prepared fusion faces, and fuses the two
pieces together as the weld cools and solidifies. Some of the defects occur because the fusion
faces do not melt properly or blend with the filler metal (lack of penetration and lack of fusion
defects). Some defects occur because the scale or slag which forms at the top of each pass of
the welding, is not chipped away completely before the next pass is made (slag inclusions).
Some defects occur because the welding electrode dips into the molten weld and bits of copper
or tungsten drop into the weld (dense metal inclusions). Some defects occur in much the same
way as casting defects (porosity, piping, wormholes, shrinkage, etc.). Some defects occur
because of the thermal stresses, set up by having part of the component at molten temperature,
and the rest of the parent material at much lower temperatures (cracks, tears, etc.).
Many of the defects which can occur in welds do not significantly alter the strength of the weld;
others do in varying degrees. However, planar defects (cracks, lack of penetration / fusion)
particularly those breaking the surface of the welded joint, give rise to the most severe
reductions of weld strength.
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6.1.2.1.Types of weld joints
Most welds fall into one of the following categories:
(i) Butt welds;
(ii) T-welds;
(iii) Nozzle welds.
A butt weld is achieved when two plates or pipes of usually equal thicknesses are joined
together using any of the weld preparations given in Figure 6.9.
Figure 6.10a illustrates the weld preparation for a typical single vee weld and the terms used to
describe various parts of the prepared weld area. The same weld after welding is shown in
Figure 6.10b showing the original preparation and the number of passes made to complete the
weld.

FIG. 6.9. Various weld configurations for butt welds.

A T-weld is achieved when two plates are joined at right angle to each other. A T-weld may be
partially penetrated or fully penetrated Figure 6.11a and b.
Nozzle welds are those in which one pipe is joined to another as a branch, either at right angle
or some other angle. As with T-joints, the weld may be fully or only partially penetrated.

FIG. 6.10a. Terms used to describe various parts of weld area.
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FIG. 6.10b. Original preparation of weld and number of passes made to complete the weld.

FIG. 6.11 (a) Partial penetration weld, (b) Fully penetrated weld.

Some typical weld preparations for nozzle welds are shown in Figure 6.12a, b, c and d. In the
diagrams the wall of the main pipe or vessel (called "shell"), and the wall of the branch, stub,
or nozzle (called "branch") have been identified. Figure 6.13 shows the nozzle joints.

FIG. 6.12a. Fully penetrated “set on” weld.

FIG. 6.12c. Fully penetrated “set through” weld.
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FIG. 6.12b. Partially penetrated “set in” weld.

FIG. 6.12d. Partially penetrated “set through” weld.

FIG. 6.13. Nozzle welds and pipe joint welds.

6.1.3. General procedure for ultrasonic testing of welds
The procedure for the ultrasonic testing of welds outlined below, if adhered to, will result in a
speedy and efficient ultrasonic inspection of welds.
(a) Collection of information prior to the testing of weld
The information which has to be collected prior to testing a weld includes the following:
(i) Parent metal specifications;
(ii) Weld joint preparation;
(iii) Welding processes;
(iv) Parent metal thickness adjacent to the weld;
(v) Any special difficulty experienced by the welder during welding;
(vi) Location of any repair welds;
(vii) Acceptance standards.

(b) Selection of the probe angle
The initial choice of probe angle for the weld body scan depends upon the weld preparation
angle. The angle should be chosen to meet any lack of sidewall fusion at right angle for
maximum response. The exact angle to meet this fusion face at right angle can be calculated
from:
𝑃𝑟𝑜𝑏𝑒 𝑎𝑛𝑔𝑙𝑒 = 90° − 𝜃/2

(6.1)

Where,
𝜃 = Weld preparation angle
Example (i):
Weld preparation angle = 60
Required probe angle = 90 - 60/2 = 90 - 30 = 60
Example (ii):
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Weld preparation angle = 45
Required probe angle = 90 - 45/2 = 90 - 22.5 = 67.5
In the first case, clearly we would use 60 probe, but in the case of the 45 weld preparation
angle, it is not likely that we will have a 67.5 probe, so we would choose the nearest, i.e. a 70
probe. Table 6-I shows the relative change in probe angle for different materials.
(c)

Selection of probe frequency

The nominal frequency shall be from 1 MHz to 5 MHz unless variables, such as production
materials grain structure, require the use of other frequencies to assure adequate penetration or
better resolution. In general, high frequency probes provide greater accuracy in determining the
size of the flaw. A lower frequency is better on a rough surface from the point of view of
coupling efficiency. High frequency probes have superior resolution characteristics, so that
small flaws can be found more readily, than with low frequency probes.
TABLE 6.1. RELATIVE CHANGE IN PROBE ANGLES FOR DIFFERENT MATERIALS

Material

Beam angle (Degree)
35

45

60

70

80

Steel

35

45

60

70

80

Aluminium

33

42.4

55.5

63.4

69.6

23.6

29.7

37.3

41

43.4

23

28

35

39

41

Copper
Grey cast iron (mean value for
lamellar cast iron)

(d) Visual inspection
A visual check should be carried out prior to the commencement of testing to make sure that
the surface is free from weld spatter and smooth enough for scanning. Some defects, e.g.
undercut, etc., may show at the surface and be noticed during the visual examination. If these
defects are in excess of the acceptance standard, then they should be remedied before carrying
out the ultrasonic inspection.
6.1.3.1.Identification of weld examination area
Weld locations and their identification shall be recorded on a weld map or in an identification
plan. If welds are to be permanently marked, low stress stamps and/or vibratooling may be used.
Markings applied after final stress relief of the component shall not be any deeper than 3/64 in.
(1.2mm). Each weld shall be located and identified by a system of reference points. The system
shall permit identification of each weld center line and designation of regular intervals along
the length of the weld.
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Figure 6.14 defines the half-skip distance (HSD), full-skip distance (FSD), half-skip-beam
length (HSBPL) and full-skip-beam-length (FSBPL) for an angle beam probe of refraction
angle.
Distance AB = Half-Skip Distance (𝐻𝑆𝐷)
Distance AC = Full-Skip Distance (𝐹𝑆𝐷)
Distance AD = Half-Skip-Beam-Path-Length (𝐻𝑆𝐵𝑃𝐿)
Distance AD + DC = Full-Skip-Beam-Path-Length (𝐹𝑆𝐵𝑃𝐿)

FIG. 6.14. Various skip distances and beam path lengths for an angle beam probe.

The relations used to calculate 𝐻𝑆𝐷, 𝐹𝑆𝐷, 𝐻𝑆𝐵𝑃𝐿 and 𝐹𝑆𝐵𝑃𝐿 for a specimen of thickness t,
are given below:
𝐻𝑆𝐷 = 𝑡 × 𝑡𝑎𝑛𝜃
𝐹𝑆𝐷 = 2𝑡 × 𝑡𝑎𝑛𝜃
𝐻𝑆𝐵𝑃𝐿 = 𝑡 /𝑐𝑜𝑠𝜃
𝐹𝑆𝐵𝑃𝐿 = 2𝑡 /𝑐𝑜𝑠𝜃

(6.2)
(6.3)
(6.4)
(6.5)

6.1.3.2.Parent metal examination
The parent metal should be examined with a normal beam probe to detect any defects such as
laminations, etc., which might interfere with the subsequent angle beam probe examination of
the weld, and also to assess the thickness of the parent metal.
The examination should be over a band which is greater than the full skip distance for the
shallowest angle beam probe (usually 70° probe) to be used, Figure 6.15 illustrates what would
happen if a large lamination were present in the parent metal. The presence of a lamination
causes the beam to reflect up to the cap giving a signal which might be mistaken for a normal
root bead, and at the same time, misses the lack of penetration defect.
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FIG. 6.15. Effect of a large lamination on the ultrasonic examination.

For parent metal examination either a single crystal or a twin crystal probe with a frequency
that lies between 2 to 6 MHz can be used. The highest frequency in this range is preferred. The
setting of sensitivity for this examination should be in accordance with the relevant
specification or code of practice.
6.1.3.3. Critical root examination
The next step is to make a careful inspection of the weld root area. This is because it is the root
area in which defects are most likely to occur and where their presence is most detrimental. It
is also the region in which reflections occur from the weld bead in a good weld and root defect
signals will appear very close to the standard bead signal, i.e. it is the region in which the
inspector is most likely to be confused. Root examination for single vee and double vee welds
are discussed below.
Examination of Root in Single Vee Butt Welds
The scanning procedure for the examination of the root consists of the following steps:
(i) Selection of probe angle;
(ii) Calibration of time base on I.I.W V1 or V2 block for a suitable range. For parent metal
thicknesses up to about 30 mm, a time base range of 100 mm is suitable;
(iii) Marking the probe index on the probe using I.I.W V1 or V2 block;
(iv) Determination of the correct probe angle using I.I.W V1 or V2 block;
(v) Calculation of 1/2 skip distance and 1/2 skip beam path length (1/2 skip BPL) for the
selected probe;
(vi) Marking of the scan lines at 1/2 skip distance from the weld centre line on both sides of
weld Figure 6.16a;
(vii) Setting the gain sensitivity for scanning and evaluation as per DAC curve;
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FIG. 6.16. Scan procedure for root of single vee butt weld.

(viii) With the probe index on the scanning line, a lack of penetration echo will occur at the
half skip beam path range. If the weld is a good one, a root bead echo will occur at a
small distance (depending on how big the weld bead is) away from the anticipated spot
for a lack of penetration echo Figure 6.17a. If there is some root shrinkage or undercut,
the echo from these defects will occur at a slightly shorter range than the critical range
Figure 6.17b;

(a)

(b)

FIG. 6.17. Root scanning; (a) for a good weld, (b) for root shrinkage.

(ix) In addition, to determine whether an echo occurring during the root scan is due to lack
of penetration, root undercut, root shrinkage, or root bead, the following points should
also be taken into consideration;


Since lack of penetration is a good corner reflector, the echo from it is quite big
compared to an echo from root undercut or root shrinkage;



With a lack of penetration echo there will be no weld bead echo, whereas with
root undercut, there almost always is;



The echoes from root undercut and root shrinkage maximize when the probe is
moved backwards from the scanning line;



If the weld bead echo varies a lot in amplitude and position, then there is a great
probability of defects in the root area.

(x)

After having carefully examined the root, probing from one side of the weld centre
line, a second scan is similarly done from the other side of the weld centre line to
confirm the findings of the first scan.

In addition, the second scan will also help in interpreting two other types of defects in the root
area. The first one of these is shown in Figure 6.18. It is a small slag inclusion or gas just above
the root.
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FIG. 6.18. Root scanning for defects just above the root.

This defect might appear just short of the half skip beam path length when doing scan 1, leading
to the guess that it might be root undercut or root shrinkage. If this were so scan 2 should put it
just further than the critical range. But in fact the inclusion will show about the same place, i.e.
just short again. Furthermore, from undercut the echo is expected to maximize when the probe
is moved backwards in scan 1, but in the same scan the echo from the inclusion will maximize
when the probe is moved forward. The echo from the inclusion will also maximize when the
probe is moved forward in scan 2.
The second defect mentioned above is shown in Figure 6.19. This shows a crack starting from
the edge of the root bead. From side 1 a large echo will appear just where the echo from undercut
is expected and there will be no accompanying bead echo. From side 2, however, it is possible
to get a bead echo as well as the defect echo.

FIG. 6.19. Scanning for a defect starting from the edge of the root bead.

Examination of Root in Double Vee Butt Welds
The typical weld preparation for a double vee weld is shown in Figure 6.20. A 70 or any other
suitable probe is positioned at 1/4 skip distance from the weld centre line, to carry out the critical
root scan. The anticipated time base range for an echo from lack of penetration cannot be
predicted as precisely as for single-vee welds, but, of course, echoes from root bead or undercut
do not occur in this type of weld configuration. The rest of the procedure for the root
examination of double-vee butt weld is similar to that of single-vee butt weld.

FIG.6.20.

6.1.3.4. Weld body examination
After an examination of the weld root, the body of the weld is then examined for defects using
suitable angle beam probes. Weld body for single vee and double vee welds are discussed
below.
Examination of Weld Body of a Single Vee Butt Weld
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After the root examination is complete, the weld body examination is then done using the
following procedure:
(i) Selection of an appropriate probe angle;
(ii) Calculation of the 1/2skip and full skip distances and 1/2 skip and full skip BPLs for the
selected probe angle;
(iii) Marking the parent metal on both sides of the weld with lines parallel to the weld centre
line and at distance of ½ skip and full skip + ½ cap width;
(iv) Calibration of the time base for an appropriate range;
(v) Setting the sensitivity of the probe/flaw detector system for the maximum testing range
which in this case is the full skip BPL as per DAC curve;
(vi) Scanning the specimen in a zigzag pattern between the marked scan limits Figure 6.21.
Each forward scan should be at right angle to the weld centre line, and the pitch of the
zigzag should be a half probe width to ensure full coverage;

FIG. 6.21. Zigzag scanning of weld body.

(vii) Mark the areas, in which defect echoes occur, for subsequent location, establishment of
nature and sizing of the defects. The probe movement such as in Figure 6.22 may be used
to help in establishing the nature and size of defects.

FIG. 6.22. Probe movements for establishing the nature and size of defects.

Examination of Weld Body of a Double Vee Butt Weld
The weld body examination of double-vee welds is much the same as for single vee welds, but
this time the scan starts at 1/4 skip distance from the weld centre and goes back to full skip plus
half weld cap width Figure 6.23. In this type of weld configuration there are four fusion faces
to be examined.
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FIG. 6.23. Marking scan area for double-vee welds.

6.1.3.5.Examination for transverse cracks
After having examined both the weld root and the weld body the next step is to detect transverse
cracks breaking either top or bottom surfaces. Magnetic particle inspection is obviously a quick
and effective method for detecting top surface cracks and therefore often ultrasonic inspection
is done only to detect cracks breaking the bottom surface. If the weld cap has not been dressed,
this scan is done parallel to the weld centre line alongside the weld cap with the probe inclined
towards the centre. Since a crack tends to have a ragged edge, it is likely that some energy will
be reflected back to the transmitter. A safer technique is to use a pair of probes, one transmitting
and the other receiving. This is also shown in Figure 6.24. If the weld is dressed, a scan along
the weld centre line and several scans parallel to and on either side of the weld centre line, from
each direction, are done to give a full coverage of the weld.

FIG. 6.24. Longitudinal scanning of a weld.
(a) for all defect types except transverse cracks. b) For transverse cracks.

6.1.3.6.Determination of location, size and nature of the defect
If any defect is found as a result of these examinations the next step is to explore the defect as
thoroughly as possible to determine:
(i)
(ii)
(iii)
(iv)
(v)

Its exact location in the weld;
Its size parallel with the weld axis (i.e. length of the defect);
Its size through the weld thickness;
Its nature (slag, porosity, crack, etc.);
Evaluation.

6.1.3.7.Test report
In order that results of ultrasonic examination may be fully assessed, it is necessary that the
inspector's findings are systematically recorded. The report should contain details of the work
under inspection, the equipment used and the calibration and scanning procedures. Besides the
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probe angle, the probe positions and flaw ranges should be recorded in case the results of the
report need to be repeated.
6.1.4. Examination of T-welds
In the case of a T-weld configuration, for complete inspection of the weld, access to several
surfaces is required. In practice, access to more than one surface may not be available and thus
only limited inspection of the weld can be carried out.
The inspection procedure for both partially penetrated and fully penetrated T-welds is much the
same, but for partially penetrated welds monitoring of the non-fused portion of the weld is
needed to ensure that it is not longer than the design permits. For an ideal case where all surfaces
are readily accessible, the scans to be made for the complete inspection of a T-weld are
illustrated in Figure 6.25. Scan 1 is done with a normal beam probe to detect laminations, lack
of fusion and lamellar tearing. Scan 2 is done with an angle beam probe to detect weld body
defects and toe cracks and scan 3 is an angle beam probe scan to detect weld defects and lack
of side wall fusion.
As with the previously discussed weld configurations, probe angles and frequencies are to be
chosen to suit the particular job. For scan 3 it is useful to choose a probe angle which will
produce a beam centre line parallel to the weld cap Figure 6.26 to reduce the tendency for
confusing cap echoes.

FIG. 6.25. Typical scan positions for "T" welds.

FIG. 6.26. Angle beam probe scan to detect weld defects and lack of side wall fusion.
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6.1.5. Examination of nozzle welds
As with T-welds, for the complete inspection of nozzle welds access to all the scanning surfaces
may not be possible. The following scans are given for fully penetrated set in nozzle welds, and
either partially or fully penetrated set through nozzle welds.
The choice of probe angle and frequency, as discussed earlier, depends upon the particular job
to be carried out.
6.1.5.1.Fully penetrated set on welds
The scans to be carried out for this type of weld are shown in Figure 6.27. Scans 1 and 2 are
normal beam probe scans of shell and branch respectively to determine:
(a) Thickness of the shell and branch;
(b) Laminations in shell and branch;
(c) Lack of fusion of shell wall;
(d) Weld body defects.
Scan 3 is a critical root scan. Scan 4 is the scan made by moving the probe between half skip
and full skip limits. This scan is done to determine lack of side wall fusion and weld body
defects.

FIG. 6.27. Scans for fully penetrated "set on" welds.

6.1.5.2.Partially penetrated set in welds
The scans are similar to those shown in Figure 6.27. However, in this case it is necessary to
check the actual penetration achieved and to make sure that the horizontal fusion face is fused.
This can be achieved, with practice, by very carefully plotting the root echoes.
6.1.5.3.Examination of brazed and bonded joints
Brazed joints
If the wall thickness permits clear separation between back wall echoes, brazed joints can be
examined using the standard procedure for lamination testing. However, since the brazed metal
separating the two brazed walls will have a slightly different acoustic impedance from that of
the brazed walls, a small interference echo will be present for a good braze. The technique is,
therefore, to look for an increase in this interface echo amplitude Figure 6.28 a, b and c.
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FIG. 6.28 (a,b,c). Ultrasonic inspection of brazed joints.

If the two brazed wall thicknesses are too thin to permit clear back wall echoes, a multiple echo,
as described for lamination testing, can be used.
Bonded joints
These may include metal to metal glued joints and metal to non-metal glued joints (e.g. rubber
blocks bonded to steel plates). The technique used is a multiple echo technique. Each time the
pulse reaches a bonded interface, a portion of the energy will be transmitted into the bonded
layer and absorbed. Each time a pulse reaches an unbonded layer, all the energy will be
reflected. The decay of the multiple echo pattern for a good bond would, therefore, be short
because of the energy loss at each multiple echo into the bond Figure 6.29. However, for an
unbonded layer each multiple echo will be slightly bigger because there is no interface loss, and
the decay pattern will be significantly longer Figure 6.30.

FIG. 6.29. Echo pattern indicating good bonded joint.

FIG. 6.30. Echo pattern showing lack of bonding.
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6.1.6. Components and systems
6.1.6.1.Ultrasonic testing in the automotive industry
Large production volume and integrated testing in the production line characterize testing in
the automotive industry. Therefore a testing machine must have a high degree of automation
and be able to test quickly. Some of the parts required ultrasonic testing are: axle stubs, pivot
bearings, brake calipers, etc. Figure 6.31a and b.

(a)

(b)

FIG. 6.31 (a and b). Ultrasonic probe arrangements for automatic scanning of irregular shaped automobile parts.

6.1.6.2.Ultrasonic testing in the aerospace industry
Operational safety is of major importance in the aerospace industry. This is the reason why the
demands are very high regarding the detection of material flaws and material inhomogeneities
together with documentation. The only instruments and systems which fulfill these
requirements are the ones with the highest possible resolution power, very good evaluation
accuracy and reliable self monitoring functions.
6.1.6.3.Testing of turbine parts
These parts are subject to very high stresses. The smallest flaws can, with a high revolution rate
of the parts, extend and cause a dangerous state of unbalance thus leading to damage. With
turbine disks testing must be made at an early processing stage to detect critical flaws in order
to avoid further processing costs. Figure 6.32, 6.33 and 6.34 show the testing of some turbine
parts.

FIG. 6.32. Immersion testing of rotor blades.
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FIG.6.33. Detection of cracks in riveted turbine blades and discs

FIG. 6.34. Cracks in base of blades of different shapes.

6.1.7. Ultrasonic testing of rolled products
Rolled products are mostly long and must sometimes be tested in the production line. This
nearly always means automatic ultrasonic testing at high transport speeds so that the production
flow is not slowed down in any way. It is always better to detect flaws while the product is in
the semi-finished state, in this way production of the defective part can be stopped thus saving
costs.
6.1.7.1.Tube testing
For the testing of seamless tubes and welded tubes with the bead ground off there are two
different types of testing which can be used depending on the diameter of the tube. Tubes with
an outside diameter of up to 180 mm are transported in a straight line through the testing
machine. Longitudinal and transverse flaw testing is carried out with probes housed in a water
chamber which rotates around the tube. The allocation of further probes enable monitoring of
the geometrical data such as wall thickness, outside and inside diameter, ovality and
eccentricity. Large tubes with outside diameters of up to 600 mm are spirally transported via
water filled tanks which contain the probes (partial immersion technique). With the large tube
testing machine up to 40 probes test for longitudinal and transverse flaws as well as measuring
the wall thicknesses simultaneously.
By distributing the probes optimally in a number of probe modules, testing of short untested
tube ends can be achieved. If wall thicknesses are to be measured only over a number of tracks
then in most cases the tube is transported through the measuring position without being rotated.
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FIG..6.35. Types of defects and main direction of testing in pipe.

FIG. 6.36. Longitudinal test on pipes for laps and transverse cracks using zigzag waves (only the path of the wave on the
pipe surface is shown).

Since the smallest possible angle is 35, the ratio of wall thickness to tube diameter (d/D), at
which a test for internal flaws is still possible, must not exceed 0.20. Should there be a need for
testing tubes with thicker wall (i.e. d/D > 0.2) for cracks on their internal surface, the angle of
incidence must be less than 35. This can be achieved by attaching an obliquely ground perspex
shoe to a normal probe Figure 6.37. Since both longitudinal and transverse waves are produced
simultaneously, many interfering echoes which are not defect echo indications appear on the
screen. Fortunately, these can be distinguished from flaw echoes when the probe or the tube is
rotated, since flaw echoes move across the CRT screen whereas the interfering echoes remain
stationary.
Calculation of maximum penetration thickness for thick wall pipes
The normal range of transverse wave angle beam probes (45, 60and 70) when used on thick
wall pipes may not penetrate to the bore of the pipe, but cut across to the outside surface again,
as shown in Figure 6.38 and miss the defect.

FIG. 6.37. Testing method for detecting longitudinal surface defects on internal surfaces of thick wall tubes using normal
probes.
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FIG. 6.38. Diagram showing how the defects lying on the inner surface of a thick-wall pipe may be missed by an angle beam
probe.

For a given probe angle, the maximum wall thickness of a pipe that allows the centre of the
beam to reach the bore of the pipe can be calculated from the following formula:
𝑡 = 𝑑(1 − 𝑠𝑖𝑛𝜃)/2

(6.6)

Where,
𝑡 = Maximum wall thickness
𝑑 = Outer diameter (OD) of the pipe
𝜃 = Probe angle
Equation 6.6 can be rewritten to determine the best angle for a given wall thickness as:
(6.7)
𝜃 = 𝑠𝑖𝑛

(1 − )

6.1.7.2.Rod testing
There is hardly any difference between testing round billets and bars for cracks, shrinkage or
inclusions. To find defects in the core, it is sufficient to scan along at least two longitudinal
tracks using a normal or an SE probe depending on the rod diameter. As in round billets, defects
are detected with oblique transverse waves or with surface waves when the surface is
sufficiently smooth. The use of a twin-angle probe in one housing, allowing a flowing water
coupling, enables bars to be tested with increased speed. A bar without a surface flaw will give
a large echo on the CRT screen Figure 6.39. This echo is caused by the sound beam, emitted
by one oscillator, being received by the other and vice versa.
Both sonic pulses have to cover the same distance corresponding to a circular measure of about
360. Since the flaw detector is adjusted to half-sound paths, the common echo will appear on
the screen at a distance corresponding to 180. As the length of the sound path between the
oscillators does not alter when shifting the twin-angle probe or rotating the bar, provided the
bar diameter is constant, the so called central echo position on the CRT screen remains constant.
Hence, any longitudinal surface flaw can easily be distinguished from this echo, since the flaw
echo position on the screen is not constant. When the probe is moved in the direction of a
surface flaw, the flaw echo arriving at the nearest oscillator and appearing between the
transmission pulse and the central echo will move towards the transmission pulse Figure 6.40.
The echo arriving at the farther crystal is visible at the right of the central echo and moves in
the opposite direction. This echo is rather small and therefore is not usually employed for flaw
detection. If the probe or rod is moved until the high flaw echo is exactly in the middle between
transmission pulse and central echo, the flaw must be located exactly one-fourth of the bar
circumference from the probe.
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FIG. 6.39. Testing of round bar with twin-angle probe.

6.1.7.3.Plate testing
Flaws in plates such as laminar defects and inclusions can, if the plate is further processed, lead
to new flaws. If, for example, defective plates are cut and then welded to other components then
welding defects in the area of the cut edge of the plate can often be traced back to an inclusion.
Also it is a fact that defects already in the basic material very often cause rejects at the sheet
table when the plate is rolled to form sheets.
The standard procedure which is used to test for laminations in plates and pipes, which are to
be welded or machined, is given below:
(i)

Calibrate the time base to allow at least two back wall echoes to be displayed.

(ii)

Place probe on the lamination free portion of test specimen and adjust the gain control
so that the second back wall echo is at full screen height.

Scan the test specimen looking for lamination indications which will show up at half specimen
thickness together with a reduction in back wall echo amplitude. In some cases a reduction in
the amplitude of the second back wall echo may be noticed without a lamination echo being
present. Care must be taken to ensure that this reduction in amplitude is not due to poor coupling
or surface condition.
Lamination testing of plate or pipe less than 10 mm in wall thickness may be difficult using the
standard procedure because multiple echoes are so close together that it becomes impossible to
pick out lamination echoes between back wall echoes.

FIG. 6.40. Location of surface flaw on rod using twin-angle probe.

In such cases a technique, called the multiple echo technique, using a single crystal probe can
be used. The procedure is as follows:
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(i) Place the probe on a lamination free portion of the test specimen or on the calibration
block;
(ii) Adjust the time base and gain controls to obtain a considerable number of multiple
echoes in a decay pattern over the first half of the time base Figure 6.41a;
(iii) Scan the test specimen. The presence of a lamination will be indicated by a collapse of
the decay pattern such as the one shown in Figure 6.41b. The collapse occurs because
each of the many multiple echoes is closer to its neighbour in the presence of a
lamination;
(iv) The above mentioned flaws can be ultrasonically detected by using straight beam
probes. With the exception of random testing it is not advisable to carry out a plate test
manually. Due to the simple geometry of the test object an automatic test in the
production line is the best solution. However, the selection of the most suitable testing
machine is determined by the plate thickness, the number of plates to be tested, the
maximum test time and the conditions at the test location (is the testing machine to be
integrated into the production line (on-line) or is the test to be made external to the
production line (off-line)).
6.1.7.4.Rail testing
Defective rails can lead to very serious accidents and cause extensive damage. Many railways
carry out routine checks on the tracks of railway lines. In addition to this, rails are tested with
ultrasonics during production. Flaws in the rail head, web and foot can be detected during
production, in some cases detection of the rail stamp in the web should be possible.
Figure
6.42 shows the ultrasonic inspection of rail axle.

FIG. 6.41. Multiple echo decay pattern from plate;
(a) Without lamination, (b) With lamination.
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FIG. 6.42. UT inspection of rail axle.

6.1.7.5.Austenitic materials
It is difficult to test cast stainless steel to high degree of reliability because of the coarse grain
and highly variable microstructure of the material referred in Figure 6.43.
Cast stainless steel can have a well defined equiaxed grain structure, a well defined columnar
grain structure or mixed grain structure Figure 6.44. Because ultrasonic beam distortions are
related to the material microstructure and the selected test procedure, the ability to interpret data
depends on knowledge of the microstructure. As the microstructure can be obtained by
measuring the velocity of sound, this is an effective and reliable way to .non-destructively
assess the inspectability of a component, even under field conditions.

(a) before normalizing

(a)
after normalizing
FIG. 6.43. Grain size and CRT screen display; (a) before normalizing, (b) after normalizing.

(a)
(b)
FIG. 6.44. A coarse grain formation; (a) after an austenitic weld structure, (b) after heat treatment.
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When cast stainless steel is composed of isotropic equiaxed grain the variation in velocity with
propagation direction is small (less than 2 percent). For an anisotropic material composed of
columnar grains the variation in velocity may be large, as much as 100 percent for shear waves
Figure 6.45. The magnitude of the sound velocity may also be used as a measure of anisotropy.
Relatively low longitudinal wave velocity indicates a columnar grain structure and high
velocities indicate an equiaxed structure. Intermediate values indicate the presence of both
microstructures.

FIG. 6.45. An anisotropic structure.

Ultrasonic angle beam shear waves travel easily from wrought base metal through low alloy
carbon steel welds. In austenitic stainless and high nickel alloys welds, the shear beam may be
reflected at the fusion line or deflected in the weld metal because of velocity and grain structure
differences. Discontinuity indications from the reflective fusion line may appear to be from
incomplete fusion. Reflective fusion line indications can cause the unnecessary repair of good
welds. For this reason reflective interface indications are tested with a longitudinal wave beam
of the same angle. The longitudinal wave angle beam may not reflect from the interface but
does reflect from incomplete fusion permitting identification of the indication.
Improved austenitic weld tests have been reported at low frequencies (1.5 MHz) with short
pulse lengths. Focusing or dual transducers improve the signal-to-noise ratio. A narrow sound
beam can have favourable effects with regard to testing austenitic welds. The ratio can also be
improved by using longitudinal wave angle beams that are not sensitive to grain structure.
6.1.8. Forged work pieces
Manufacturing defects occurring in such semi-finished products can either be internal defects
or surface defects. Some internal defects originate from ingot defects in the core such as
shrinkage cavities and inclusions which are elongated during rolling, forging or drawing. Others
are rolling and drawing defects such as cracks in the core, radial incipient cracks on the rod
surface or spills which penetrate to the surface at a small angle. Since most flaws in rods or
billets extend in the longitudinal direction, this requires that the axis of the sound beam be in a
cross sectional plane Figure 6.46 either normal or oblique to the surface. Also used are surface
waves in the circumferential direction.

FIG. 6.46. Types of defects in round stock and main directions of testing.
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6.1.8.1.Billets.
These often have longitudinally directed flaws in the core zone (pipings, cracks and inclusions)
or on the surface (cracks).
The core flaws are detected by using two normal probes connected in parallel, as shown in
Figure 6.47 for square billets. In this test, a great part of the billet is not tested Figure 6.48 owing
to the beam position as well as the dead zones of the probes. Therefore, when testing square
billets with sides shorter than 100 mm, double crystal probes are used. It goes without saying
that twin probes with heavily inclined oscillators cannot be used since their maximum
sensitivity is just below the surface. Normally the twin crystal probes with very very small root
angle are used. Longitudinal surface flaws on square billets are practically impossible to detect
with normal, twin even angle probes.

FIG. 6.47. Testing billets with two probes connected in parallel.

FIG. 6.48. Incomplete coverage by normal probes used for testing of square billets.

The testing procedure with normal probes for core flaws mentioned earlier is also applicable
for round billets but with more difficulty, especially when testing by hand, because of the
curved surface which reduces contact area and probe sensitivity Figure 6.49. The contact area
can be increased by using a perspex shoe whose front curvature fits closely to the round billet
Figure 6.50.
Because divergence of the sonic beam, even with a probe with a shoe, gives rise to disturbing
echoes between the first and second back-wall echoes, core flaws in round billets are usually
checked with twin crystal probes.

FIG. 6.49. Difficulty in testing round billets with normal probes
due to reduced contact area.
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FIG. 6.50. Increase in contact area by using perspex shoe.

Longitudinal surface flaws in round billets can be detected with angle probes provided the
surface is not too rough. For a 45° or 60° angle probe which is suitably ground as shown in
Figure 6.51, the broad beam, after a few reflections, fills a zone under the surface up to a depth
of about one-fifth of the diameter. If a longitudinally oriented surface flaw is present Figure
6.52, an echo will be visible on the CRT screen; otherwise no echo is visible. It is possible to
miss a flaw that is at an acute angle to the surface Figure 6.53. Therefore, in order to be able to
detect all surface flaws, the angle probe must be turned round by 180° and also moved around
the billet or the billet itself must be turned. The flaw echo then will move across the screen with
alternating heights, having a peak height just before the transmission pulse.

FIG. 6.51. Depth of penetration of oblique transverse waves in round billets.

FIG. 6.52. Detection of longitudinal surface flaws in round billets using angle probes.

FIG. 6.53. Possibility of missing longitudinal surface flaws in round billets using angle probes.

With the billet rotating and the angle probe advancing longitudinally, a spiral scan can be
performed, enabling all of the billet to be tested.
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6.1.8.2.Miscellaneous forgings
The testing of forgings is in many ways more straight forward than the testing of castings. For
one thing, the grain is far more refined, giving much lower attenuation and less noise, and
allowing a higher frequency to be used.
Secondly, defects such as cavities and inclusions in the original billet are flattened and
elongated during the forging/rolling or extrusion process to become better reflectors by
becoming parallel to the outer surface. The one exception to this might be cracks which may
not be parallel to the scanning surface.
Much of the testing of forgings can be accomplished with compression waves using single or
twin crystal probes at frequencies between 4-6 MHz and occasionally up to 10 MHz. Angle
shear wave probes are used to explore defects detected by the compression waves and to search
for defects which might not be suitably oriented for compression waves. In the testing of
forgings, particularly those which have been in service for a period of time, it is very often
possible to predict where defects will be, if they exist, and for this reason many specifications
only call for a limited scan looking for one particular defect in one location.
The flaws of interest in large forgings are fatigue or strain cracks and those originating from
the production processes. Production flaws are searched for as soon as possible before the
forgings undergo expensive finishing.
6.1.9. Non-metallic materials
6.1.9.1.Ultrasonic testing of concrete
Determination of pulse velocity in concrete
Measurement of the velocity of ultrasonic pulses of longitudinal vibrations passing through
concrete may be used for the following applications:
(a) Determination of the uniformity of concrete in and between members;
(b) Detection of the presence and approximate extent of cracks, voids and other defects;
(c) Measurement of changes occurring with time in the properties of concrete;
(d) Correlation of pulse velocity and strength as a measure of concrete quality;
(e) Determination of the modulus of elasticity and dynamic Poisson's ratio of the concrete.
The velocity of an ultrasonic pulse is influenced by the properties of the concrete which
determine its elastic stiffness and mechanical strength. The variation obtained in a set of pulse
velocity measurements made along different paths in a structure reflects a corresponding
variation in the state of concrete. When a region of low compaction, voids or damaged material
is present in the concrete under test, a corresponding reduction in the calculated pulse velocity
occurs and this enables the approximate extent of the imperfections to be determined. As
concrete matures or deteriorates, the changes which occur with time in its structure are reflected
in either an increase or a decrease, respectively in the pulse velocity. This enables the changes
to be monitored by making tests at appropriate intervals of time.
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Pulse velocity measurements made on concrete structures may be used for quality control
purposes. In comparison with mechanical tests on control samples such as cubes or cylinders,
pulse velocity measurements have the advantage that they relate directly to the concrete in the
structure rather than to samples which may not be always truly representative of the concrete
in situ.
Ideally, pulse velocity should be related to the results of tests on structural components and if
a correlation can be established with the strength or other required properties of these
components, it is desirable to make use of it. Such correlations can often be readily established
directly for present units and can also be found for in situ work.
Empirical relationships may be established between the pulse velocity and both the dynamic
and static elastic moduli and the strength of concrete. The latter relationship is influenced by a
number of factors including the type of cement, cement content, admixture, type and size of the
aggregate, curing conditions and age of concrete.
The equipment consists essentially of an electrical pulse generator, a pair of transducers, an
amplifier and an electronic timing device for measuring the time interval between the initiation
of a pulse generated at the transmitting transducer and its arrival at the receiving transducer.
Two forms of electronic timing apparatus and display are available, one of which uses a cathode
ray tube on which the received pulse is displayed in relation to a suitable time scale.
Any suitable type of transducer operating within a frequency range of 20 to 150 Hz may be
used although frequencies as low as 10 Hz may be used for very long concrete path lengths and
as high as 1 MHz for mortara and grouts or for short path lengths in concrete. Piezoelectric and
magneto-strictive types of transducers are normally used, the latter being more suitable for the
lower part of the frequency range. High frequency pulses become attenuated more rapidly than
pulses of lower frequency. It is therefore preferable to use high frequency transducers for short
path lengths and low frequency transducers for long path lengths. Transducers with a frequency
of 50 kHz are suitable for most common applications. The transducer arrangements are such
that the receiving transducer detects the arrival of that component of the pulse which arrives
earliest. This is generally the leading edge of the longitudinal vibration. Although the direction
in which the maximum energy is propagated is at right angle to the face of the transmitting
transducer, it is possible to detect pulses which have travelled through the concrete in some
other direction. It is possible to make measurements of pulse velocity by placing the two
transducers on either,
(a) Opposite faces (direct transmission);
(b) Adjacent faces (semi-direct transmission), or;
(c) The same face (indirect or surface transmission).
These three arrangements are shown in Figure 6.54a, b and c.
Where possible the direct transmission arrangement should be used since the transfer of energy
between transducers is at its maximum and the accuracy of velocity determination is therefore
governed principally by the accuracy of the path length measurement.
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FIG. 6.54 (a). Direct transmission.

FIG . 6.54 (b). Semi-direct transmission.

FIG. 6.54 (c). Indirect or surface transmission.

The semi-direct transmission arrangement has a sensitivity intermediate between those of the
other two arrangements and, although there may by some reduction in the accuracy of
measurement of the path length, it is generally found to be sufficiently accurate to take this as
the distance measured from centre to centre of the transducer faces. This arrangement is
otherwise similar to direct transmission.
Indirect transmission should be used when only one face of the concrete is accessible, when the
depth of a surface crack is to be determined and when the quality of the surface concrete relative
to the overall quality is of interest. It has the least sensitivity of the arrangements and for a given
path length produces at the receiving transducer a signal which has an amplitude of only about
2% or 3% of that produced by direct transmission.
Detection of defects
When an ultrasonic pulse travelling through concrete meets a concrete-air interface there is
negligible transmission of energy across this interface. Thus any air filled crack or void lying
immediately between transducers will obstruct the direct ultrasonic beam when the projected
length of the void is greater than the width of the transducers and the wavelength of sound used.
When this happens the first pulse to arrive at the receiving transducer will have been diffracted
around the periphery of the defect and the transit time will be longer than in similar concrete
with no defect.
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It is possible to make use of this effect for locating flaws, voids or other defects greater than
about 100 mm in diameter or depth. Relatively small defects have little or no effect on
transmission times but equally are probably of minor engineering importance. Plotting contours
of equal velocity often gives significant information regarding the quality of a concrete unit.
The depth of the surface breaking cracks in concrete can be calculated by the following formula
and setup as shown in Figure 6.55.

FIG. 6.55. Arrangement for determination of crack depth.

Let first value of ‘x’ chosen be ‘𝑋 ’ and second value be ‘2𝑋 ’ and the transit times
corresponding to these be ‘𝑇 ’ and ‘𝑇 ’ respectively then
(6.8)
𝐶𝑟𝑎𝑐𝑘 𝑑𝑒𝑝𝑡ℎ, 𝑐 = 𝑋
6.1.10. Inspection of Composites
Composites are inhomogeneous materials usually consisting of layers of different materials that
are bonded together or embedded in a matrix. Frequently, composite consists of layers of fibres
with the fibres oriented in various directions. This situation causes major changes in ultrasonic
properties in different portions of the laminate. Examples of composites that are ultrasonically
tested include graphite/epoxy, glass/epoxy and plastic/epoxy. Composites may also include
layers of homogeneous materials such as aluminium sheet/glass epoxy.
6.1.10.1.

Discontinuities

Discontinuities that are commonly found in composites include eliminations, voids, porosity
and ply gaps.
6.1.10.2.

Voids and Porosity

Voids and porosity are caused by out gassing of volatile chemical components in the resin that
are trapped during curing. They are typically located adjacent to the fibres in the matrix.
6.1.10.3.

Delamination

Delamination can result from improper curing, but most are due to impact damage, hole drilling,
or other sources of excess transverse tensile, or shear stresses. Delamination’s can also result
from foreign material inclusions that contaminate layer surfaces during the layup process.
Inclusions may be introduced from the ply carrier film, release paper, or peel plies, and they
may be difficult to resolve due to low reflectivity.

237

6.1.10.4.

Ply gaps

Ply gaps are caused by the misalignment of composite tapes during layup and are difficult to
detect because they are filled with resin during the processing of the composite.
The strength/life of a composite is seriously affected by delimitations or ply gaps in the
composite structure. These planar discontinuities can propagate under normal service loads and
result in component failure.
Composites are generally tested using a straight beam or through transmission squirter
technique at frequencies between 5 MHz and 25 Mhz for materials less than 6mm. C scans or
digital computer imaging are often used for display and recording.
Integrity of bond in adhesive bonded joints is determined by using commercially available bond
testers. These machines use frequencies in the range of 2.25 to 25 MHz. The bond tester
functions by transmitting a series of pulses into the material. Adhesive bond discontinuities are
detected by comparing the signal amplitude of ultrasound wave from the test piece to the
ultrasound wave of a reference bond integrity standard. It is important that the reference
standard resemble the test piece, especially in material composition and bond joint shape.
Reference standards are manufactured in nearly the same way as the test pieces. Delaminations
and inclusions are simulated by implanting non-metallic films in the reference standard to
simulate the low reflectivity of foreign material discontinuities.
6.1.10.5.

Plastics

In view of the wide range of materials which come under this collective heading, the attenuation
of ultrasound which determines the testability extends from the mean values applying to solid
materials without filters, such as acrylic resins (perspex ), ethoxylene resin (cast resin),
polystyrene, polyamide and teflon, to the very high values of the soft varieties of polyethylene
(PE), polyvinyl-chloride (PVC) and ployisobutylene (Oppanol B). The latter are excellent
sound absorbers even at the lowest frequencies used in materials testing. The hardness of a
given plastic, unless this has been achieved by filters, is thus an approximate measure of its
testability. Plasticizers reduce the testability.
Usually, however, TR probes are used due to their superior near resolution and also for thinner
materials, particularly in the case of testing frequencies of 1 MHz and lower. As an example of
the possible flaw detectability it should be mentioned that in polyethylene rod material of up to
150 mm diameter, 1 MHz TR probes can detect flaws with an equivalent reflector size of 0.3
mm diameter.
Compared with metals, the immersion technique here offers still better sound transmission, i.e.
lower reflection losses and less deflection and splitting of the beam on curved surfaces.
Longitudinal waves are used in the specimen even at oblique incidence because transverse
waves are usually strongly damped. In this way it is possible, for instance, to check teflon tubes
under water for bubbles in the wall using 1 MHz frequency probes.
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FIG. 6.56. Adjustment of the sensitivity for defects in plastic welds at different depths.

There is possibility of testing butt welded joints in plastics by means of longitudinal waves from
angle probes as shown in Figure 6.56. An angle probe with a wedge material of extremely low
acoustic velocity has been developed for this purpose. For pipelines installed in the ground and
carrying water or gas, checking of the welded joints is important. Even in the case of
pronounced upsetting beads which have not been removed, joints in pipes up to a wall thickness
of approximately 15 mm can still be tested. Wall thicknesses up to approximately 30 mm are
still feasible if in the case of large pipe diameters the joint is accessible also internally for
testing. The test is carried out from both sides, penetrating a depth of up to 15 mm. Usually a 2
MHz angle probe is used which beams longitudinal waves at an angle of 70. The test should
be preceded by an adjustment of the gain on a test piece with reference defects of equal size in
all depth ranges. In order to facilitate the evaluation of flaw indications, it is recommended to
compensate the strong attenuation with longer distances by an electronic time controlled gain.
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7. CHAPTER 7.

CODES, STANDARDS, SPECIFICATIONS AND
PROCEDURES

7.1.CODES, STANDARDS, SPECIFICATIONS RELATED TO ULTRASONIC TESTING
Different definitions related to codes, standards and specifications have already been explained
in chapter-1. The process of standardization as explained in chapter-1, highlighted the
importance and need of standards in view of large number of variables which need to be
controlled to achieve reliable and reproducible results from NDT tests including ultrasonic
testing. This, then can be said to be the underlying need and reason for the existence of different
standards. In this chapter more information will be provided on the subject of standards
specially those related to ultrasonic testing of materials.
7.1.1.

Standardization organizations

One of the criteria for any document such as a guide or a recommended practice to qualify to
become a standard is that it should be issued by a reputed organization which is recognized at
national, regional or international level. Some of the organizations whose standards are
commonly used in NDT internationally are:
(a)

ASME

:

American Society of Mechanical Engineers;

(b)

ASTM

:

American Society for Testing and Materials;

(c)

IIW

:

International Institute of Welding;

(d)

ISO

:

International Organization for Standardization;

(e)

EN

:

European Committee for Standardization;

(f)

DIN

:

German Standards Institution (Deutsches Institut fur
Normung);

(g)

BSI

:

British Standards Institution;

(h)

JSA

:

Japanese Standards Association;

(i)

AFNOR

:

French Standardization Body(Association Francaise
Denormalization);

(j)

SAI

:

Standards Australia International;

(k)

CSA

:

Canadian Standards Association;

(l)

ASNT

:

American Society for Non-destructive Testing;

(m)

JSNDI

:

Japanese Society for Non-destructive Inspection;

(n)

API

:

American Petroleum Institute;

(o)

AWS

:

American Welding Society;

(p)

SAE

:

Society for Automotive Engineering;

(q)

KSA

:

Korean Standards Association.
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7.1.2.

Types of standards

Generally the standards belonging to NDT can be grouped into various categories such as the
standards for terminology, equipment, testing method, education, training and certification,
acceptance and rejection and accreditation, etc. These are briefly described below with
examples.
7.1.2.1.Standards for terminology
These are the standards which explain the meanings of various technical terms and concepts as
employed in NDT. These are therefore essential for avoiding failure to reach an agreement
between the user and purchaser of the NDT services. Some examples of such standards are:
(a)

ISO 5577

Non-destructive testing-ultrasonic inspection
vocabulary;
Terminology for non-destructivenondestructive testing examination standard;

(b)
(c)

Article-30 of ASME Boiler and
Pressure Vessel Code (B and PV)
Section-V
DIN 54 119

(d)

BS 3683: Part 4

Glossary of terms used in ultrasonic flaw
detection;

(e)

ASTM E-1316

Standard terminology for non-destructive
testing examination;

(f)

JSA Z 2300

Glossary of terms used in non-destructive
testing;

(g)

EN 1330-4

Non-destructive testing terminologypart 4: terms used in ultrasonic testing.

Terms and concepts in ultrasonic inspection;

7.1.2.2.Standards for equipment
A prerequisite to standardization of inspection techniques is a regularized method of ensuring
that the equipment in use is either inherently capable of or can be adjusted to give a certain
predetermined degree of sensitivity and performance. Some of the standards of this type are:
(a)

ASTM-1065

Standard guide for evaluating characteristics of
ultrasonic search units;

(b)

ISO-2400

Weld in steel-reference block for the calibration of
equipment for ultrasonic testing;

(c)

JSA 2352

Method for assessing overall performance
characteristics of ultrasonic pulse echo testing
instrument;

(d)

BS 2704

Calibration blocks and recommendations for their
use in ultrasonic flaw detection;

(e)

IIS/IIW 278-67

Recommended procedures for the determination
of certain ultrasonic pulse echo characteristics by
the IIW calibration block;
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(f)

ASTM E-428

Standard practice for fabrication and control of
steel reference block used in ultrasonic inspection;

(g)

DIN 25450-90

Ultrasonic equipment for manual testing;

(h)

JSA 2345

Standard test blocks for ultrasonic testing;

(i)

EN 12668

Non-destructiveNon-destructive testingcharacterization and verification of ultrasonic
examination equipment;

(j)

SAI AS 2083

Calibration block and their method of use in
ultrasonic testing;

(k)

KSA B 0534

Method for assessing the overall performance
characteristics of ultrasonic pulse echo instrument.

7.1.2.3.Standards for testing methods
These standards, usually, entitled as Recommended Practice or Method are issued in order to
select an optimal test technique for a particular job. In other words these will help in selecting
a technique which reveals only those defects which may be considered harmful without giving
prominence to secondary features. Use of these standards will help in obtaining reliable and
reproducible results from the tests. Some of the standards of this category are:
(a)

API RP 5UE

(b)

AWS C3.8

(c)

BS 3923

(d)

JSA 0801

(e)

DIN 54125

(f)

ASTM A 388

(g)

Article-4 of ASME B and PV
Section V

(h)

ISO 17640

(i)

EN 583

Recommended practice for ultrasonic evaluation
of pipe imperfections;
Specification for the ultrasonic examination of
brazed joints;
Methods for ultrasonic examination of welds;
Ultrasonic examination of steel plates for
pressure vessels;
Ultrasonic testing of welded joints;
Standard practice for ultrasonic examination of
heavy steel forging;
Ultrasonic examination methods for welds;
Non-destructive testing of welds- ultrasonic
testing of welded joints;
Non-destructive testing- ultrasonic examination.

7.1.2.4.Standards for education, training and certification of NDT personnel
To avoid unreliable results of an NDT examination besides using standardized equipment and
test methods, the persons carrying out the examination must also be properly educated, trained
and certified in the method. Various standards are available to cater for this requirement. Lately
there is an effort to harmonize the education, training and certification both at the regional as
well as international level. Some of the standards of this type are:
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(a)

DIN 54160

Requirements for non-destructive testing personnel;

(b)

IIS/IIW-589

Recommendations relating to the training of nondestructive testing personnel;

(c)

ISO 9712

General standard for the qualification and
certification of non-destructive testing personnel;

(d)

SNT-TC-1A

Recommended practice for non-destructive testing
personnel qualification and certification;

(e)

EN 473

General principles for qualification and certification
of NDT personnel;

(f)

ANSI/ASNT. CP-189

Standard for qualification and certification of nondestructive testing personnel;

(g)

HAF 602

Management regulations on the qualification of nondestructive examination personnel for civil nuclear
safety equipment.

7.1.2.5.Standards for acceptance and rejection
After the defects have been investigated by NDT in terms of their nature, size and location, it
is important to evaluate their acceptance or rejection. This is done with the help of standards,
some examples of which are the following:
(a)

ISO 5948

Railway rolling stock material - ultrasonic acceptance
testing;

(b)

BS 5500

Specification for unfired fusion welded pressure
vessels;

(c)

JSA 0587

Methods for ultrasonic examination for carbon and
low alloy steel forgings;

(d)

EN 1712

Non-destructive examination of welds - acceptance
criteria for ultrasonic examination of welded joints;

(e)

SAI AS 2824

Non-destructive testing - ultrasonic methods evaluation and quality classification of metal bearing
bonds;

(f)

ASME Section VIII, Ultrasonic examination of welds (UT);
Division I
Appendix-12

7.1.2.6.Accreditation standards
These standards help in judging the capability and suitability of NDT laboratories and
institutions for undertaking different types of NDT work as well as for education and training
of NDT personnel. Examples are:
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(a)

ASTM-E 543

Standard practice for determining the qualification
of non-destructive testing agencies;

(b)

EN 45002

General criteria for the assessment of testing
laboratories;

(c)

EN 45013

General criteria for certification bodies operating
certification of personnel;

(d)

ASTM E 994

Guide for laboratory accreditation systems;

(e)

ASTM A 880-89

Practice for criteria for use in evaluation of testing
laboratories and organizations for examination and
inspection of steel, stainless steel and related alloys.

7.1.3.

ASME boiler and pressure vessel code

7.1.3.1.Establishment process and features
ASME boiler and pressure vessel code a national standard of the United States of America is
being extensively used around the world either directly or by adoption. Therefore some of its
features are given here in some detail.
Initial enactment of the code was in 1914. It was established by a committee set up in 1911 with
members from utilities, states, insurance companies and manufacturers. Whether or not it is
adopted in the USA is left to the discretion of each state and municipality. In any event its
effectiveness in reducing human casualties due to boiler accidents since adoption is widely
recognized.
Rules for nuclear reactor pressure vessels were included in the code in 1953, and now the code
is adopted by almost all states of the United States and the provinces of Canada. After the initial
establishment, revisions are issued once every three years, so that currently effective is the
2013, edition. One of the features of the ASME code is that partial revisions are issued twice a
year, the summer addenda (July 1st), and the winter addenda (January 1st).
These addenda used to be made effective six months after the date of issue, but now they are
effective immediately upon issuance. Any question about interpretation of rules may be
submitted to the committee in a letter of inquiry, and answers from the committee are published
as code cases from time to time.
7.1.3.2.Constitution of ASME code
The following contents constitute the ASME code, 2010 edition. Rules for non-destructive
examination are collectively prescribed in Section V. Other sections for individual components
(Section I, III or VIII) refer to Section V or other applicable rules for examination methods, and
SNT-TC-1A (ASNT recommended practice for qualification of non-destructive examination
personnel). Acceptance criteria are specified in each section, or in some cases are quoted from
ASTM. Various sections of the 2010 version of the ASME code are:

244

Section

Title

I

Rules for construction of power boilers;

II

Materials
Part A: Ferrous materials specifications
Part B: Non-ferrous materials specifications
Part C: Welding rods, electrodes and filler metals
Part D: Properties (Customary)
Part E: Properties (Metric);

III

Rules for construction of nuclear facility components
Subsection NCA: General requirements for division 1 and
division 2;
Division 1
Subsection NB: Class 1 components
Subsection NC: Class 2 components
Subsection ND: Class 3 components
Subsection NE: Class MC components
Subsection NF: Supports
Subsection NG: Core support structures
Subsection NH: Class 1 components in elevated
Temperature services appendices
Division 2: Code for concrete containments
Division 3: Containments for transportation and storage of
spent nuclear fuel and high level radioactive material and
waste;

IV

Rules for construction of heating boilers;

V

Non-destructive examination;

VI

Recommended rules for care and operation of heating
boilers;

VII

Recommended guidelines for care of power boilers;

VIII

Rules for construction of pressure vessels
Division 1: Pressure vessels
Division 2: Alternative rules
Division 3: Alternative rules for construction of high
pressure vessels;

IX

Welding and brazing qualifications;
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X

Fibre-reinforced plastic pressure vessels;

XI

Rules for in-service inspection of nuclear power plant
components;

XII

Rules for construction and continued service of transport
tank.

ASME code is available in both bound and loose-leaf versions. Either version may be used for
ASME certification.
7.1.3.3.ASME boiler and pressure vessel code section V
This section contains 24 articles. Article 1 is introductory and covers general requirements such
as manufacturer’s examination responsibility, duties of the authorized inspector, written
procedures, inspection and examination and qualification of personnel. The balance of Section
V is organized into two subsections A and B, (Mandatory Appendix and Non-Mandatory
Appendix). Subsection A (Articles 2 to 20) defines the specific NDE methods required by the
ASME Code.
Subsection B (Articles 21 to 31) contains the basic standards, procedures, and recommended
practice documents for each of the NDE techniques as adopted from the American Society for
Testing and Materials (ASTM). For example ASTM E 96 becomes SE-94 and ASTM A 609
becomes SA-609.
Different article of ASME Code related to non-destructive testing
NDT Technique

ASME Code Article

General Requirement

Article 1

Radiographic Testing

Article 2 and 22

Ultrasonic Testing

Article 4,5 and 23

Liquid Penetrant Testing

Article 6 and 24

Magnetic Particle Testing

Article 7 and 25

Eddy Current Testing

Article 8 and 26

Visual Testing

Article 9

Leak Testing

Article 10

In ASME Codes Section V, Ultrasonic examination is addressed in Articles 4, 5 and 23.
Article 4: Ultrasonic Examination Methods for Welds
This article provides or reference to requirements for weld examination, which are to be used
in selecting and developing ultrasonic examination procedures when examination to any part
of this Article is a requirement of a referencing Code Section.

246

These procedures are to be used for the ultrasonic examination of welds and the dimensioning
of indications for comparison with acceptance standards when required by the referencing Code
Section.
The referencing Code Section shall be consulted for specific requirement for the following:
(i)

Personnel qualification/certification requirements;

(ii)

Procedure requirement/demonstration, qualification, acceptance;

(iii) Examination system characteristics;
(iv) Retention and control of calibration blocks;
(v)

Extent of examination and/or volume to be scanned;

(vi) Acceptance standards;
(vii) Retention of records;
(viii) Report requirements.
Article 5: Ultrasonic Examination Methods for Materials
This article provides or reference to requirements, which are to be used in selecting and
developing ultrasonic examination procedures for parts, components, materials, and all
thickness determinations. When SA, SB and SE documents are referenced, they are located in
Article 23.
(i)

The referencing Code Section shall be consulted for specific requirement for the
following:

(ii)

Personnel qualification/certification requirements;

(iii) Procedure requirement/demonstration, qualification, acceptance;
(iv) Examination system characteristics;
(v)

Retention and control of calibration blocks;

(vi) Extent of examination and/or volume to be scanned;
(vii) Acceptance standards;
(viii) Retention of records;
(ix) Report requirements.
Article 23: Ultrasonic Standards
Article 23 includes various ultrasonic examination standards for materials such as large forging,
steel plates, casting etc, and for each general ultrasonic technique such as straight beam and
angle beam. This article also includes standard practice for ultrasonic thickness measurement.
ASTM standards adopted into ASME standards as they are or with some modification. They are
assigned the same number as ASTM with a prefix S added. For example ASTM standards A-
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388, A-577, A-548, E-114, E-213, E-214 and E-273, etc. will respectively be designated by
ASME as SA-388, SA-577, SA-578, SA-548, SE-114, SE-213, SE-214 and SE-273. etc.
SA-388

Standard practice for ultrasonic examination of heavy steel forging

SA-435

Standard specification for straight-beam ultrasonic examination of steel plates

SA-577

Standard specification for angle-beam ultrasonic examination of steel plates

SA-578
Steel

Standard specification for straight-beam ultrasonic examination of rolled plates
for special applications

SA-609

Standard practice for castings, carbon, low-alloy and martensitic stainless steel
ultrasonic examination

SA-745

Standard practice for ultrasonic examination of austenitic steel forgings

SB-548

Standard method for ultrasonic inspection of aluminum-alloy plate for pressure
vessels

SE-114

Standard practice for ultrasonic pulse-echo straight-beam examination by
contact method

SE-213

Standard practice for ultrasonic examination of metal pipe and tubing

SE-273

Standard practice for ultrasonic examination of the weld zone of welded pipe
and tubing

SE-797

Standard practice for measuring thickness by manual ultrasonic pulse-echo
contact method

SE-2491

Standard guide for evaluating performance characteristics of phased-array
ultrasonic examination instruments and systems

7.1.3.4.Acceptance criteria
As already stated, acceptance criteria are not specified in Section V, but each code section has
to be consulted to find the acceptance criterion for specific cases. The examination is therefore
conducted in accordance with the appropriate Article, and acceptance or rejection is determined
in accordance with the referencing code section. As an example, acceptance criteria for welds
as specified in section-VIII, Division-I, Appendix-12.
(a) Discontinuities are unacceptable if the amplitude exceeds the reference level, and
discontinuities have lengths which exceed:
(i) 1/4 in. (6 mm) for t up to 3/4 in. (19 mm), inclusive;
(ii) 1/3 t for t from 3/4 in. (19 mm) to 2-1/4 in. (57 mm), inclusive;
(iii) 3/4 in. (19 mm) for t over 2-1/4 in. (57 mm).
(b) Where discontinuities are interpreted to be cracks, lack of fusion, or incomplete
penetration, they are unacceptable regardless of discontinuity or signal amplitude.
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7.1.4.

Comparison of ultrasonic testing standards

The general aims and objectives of formulation and issuance of standards have been earlier
described in chapter-1. There are numerous variables which affect the results of an ultrasonic
test. The standards for testing of various different types of industrial products therefore
essentially lay down the values or range of values and conditions for these variables such that
when earnestly followed they will give reliable and reproducible results. But still in spite of
having the same objective of producing reliable and reproducible results from the inspection of
a specific industrial product, the standards from different countries and standard-issuing bodies
tend to have some outstanding differences or in other words, there is lack of harmonization
between various standards. Consequently no single standard is fully internationally accepted. It
is therefore invariably a matter of agreement between the contracting parties as to which
particular standard would be used for a particular job. Nevertheless, in spite of the differences,
the standards themselves provide a sound basis for moving forward in the direction of achieving
international harmonization in testing practices.
Three of the well known standards used in ultrasonic testing are compared in the followings.
These standards are:
(a) Japanese Standard Association JSA Z 3060 (method for ultrasonic examination for welds
of ferritic steel);
(b) ASME Section V, Article 4 (ultrasonic examination methods for welds);
(c) British Standard BS 3923 (methods for ultrasonic examination of welds, part 1: manual
examination of welded butt joints in ferritic steels.
7.1.4.1.Scope of application
(a) JSA Z 3060
Full penetration groove welds made in ferrite steel with thickness above 6 mm. Circumferential
weld seams of radius less than one metre, longitudinal weld seams in shells of radius less than
1.5 metre. Weld joints of pipe branch connections, and welds in manufacturing process of the
steel pipes are excluded.
(b) ASME Section V Article 4
Welds as required by referencing code section.
(c) BS 3923 Part 1
Fusion welded joints in ferrite steels not less than 6 mm thick, excluding nozzle.
7.1.4.2.Personnel qualification
(a) JSA Z 3060
Personnel performing ultrasonic examination shall have sufficient knowledge and experience
about examining welds and other characteristics in ultrasonic examination including
fundamental technique. NDI grade 2 personnel are qualified to perform the examination, while
the acceptance shall be determined by NDI grade 1 personnel.
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(b) ASME Section V Article 4
Not mentioned directly but mentioned referencing code section.
(c) BS 3923 Part 1
Operator shall have technical competence required by the contractor.
7.1.4.3.Sensitivity (reference level)
(a) JSA Z 3060
(i) Usual angle beam method
(1)

STB-A2 block: In cases of 60 and 70 probes, the echo height from Ø 4 x 4 hole is
adjusted to H level of the distance amplitude characteristic curve. In the case of 45
probe, the sensitivity is raised by 6 dB after the adjustment to H level as described above.

(2)

Using RB-4 block: Echo height from the calibration hole is adjusted to H level.
(ii) Reference level for scanning on base material adjacent to the weld, scanning directly on
the weld, and for straddle scan is to be as agreed by the customer.
(iii) Tandem scan echo height from a defect free area of the test body is adjusted to M level,
and then the sensitivity is raised by 10 dB or 14 dB.
(iv) For straight beam method echo height from the calibration hole of RB-4 block is
adjusted to H level.
(b) ASME Section V Article 4

The distance amplitude correction curve is prepared by adjusting the maximum echo height
from among side-drilled holes, T/4, T/2, and 3T/4, of the reference block to 80%, and plotting
echo height from other holes with the same sensitivity maintained. This curve is used as the
reference level.
(c) BS 3923 Part 1
Maximum obtainable without noise disturbance. To be agreed upon between the supplier and
purchaser.
7.1.4.4.Preliminary testing (scanning sensitivity)
(a) JSA Z 3060
Sensitivity higher than reference level may be employed.
(b) ASME Section V Article 4
Sensitivity twice as large as reference level (at least 6 dB higher), when practicable.
(c) BS 3923 Part 1
Not defined.
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7.1.4.5.Specified sensitivity for acceptance (evaluation sensitivity)
(a) JSA Z 3060
Reference level.
(b) ASME Section V Article 4
Reference level.
(c) BS 3923 Part 1
Not defined.
7.1.4.6.Construction of DAC
(a) JSA Z 3060
(i) Angle beam
H level is determined as the echo height obtained from  4x4 hole of STB-A2 block or the
calibration hole of RB-4 block .The line of H level shall be 40% or higher in the range of beam
path distance used in examination.
M Level = H Level - 6 dB
L Level = M Level - 6 dB
(ii) Straight beam
Echo heights from the side-drilled hole, 1/4T of RB-4 block, and that from 3/4T hole are
connected by a straight line. Several lines are obtained using different sensitivity. H level shall be
the third or higher from the lowest line obtained. In addition, the line of H level shall be 40% or
higher in the range of beam path distance used in examination.
M Level = H Level - 6 dB
L Level = M Level - 6 dB
(b) ASME Section V Article 4
Distance amplitude correction curve shall be prepared by adjusting the maximum echo height
from among side-drilled holes, T/4, T/2, and 3T/4 to 80% with other echoes plotted with the same
sensitivity. Curves of 20% reference are also prepared.
(c) BS 3923 Part 1
Not defined.
7.1.4.7.Couplant
(a) JSA Z 3060
Generally, glycerine solution of over 75% density. Adequate couplant shall be selected depending
on roughness of scanning surface and frequency used.
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(b) ASME Section V Article 4
Couplant should not be determined to the material being examined. Couplant used on nickel base
alloys shall not contain more than 250 ppm of sulfer and couplant used on austentic steel or
titanium shall not contain more than 250 ppm of halides.
(c) BS 3923 Part 1
Adequate liquid or paste.
7.1.4.8.Base metal examination
(a) JSA Z 3060
Straight beam examination is conducted as necessary. Second backwall is adjusted to 80% full
screen height.
(b) ASME Section V Article 4
Examined with a straight beam probe covering the entire volume where beams from angle probes
will be located.
(c) BS 3923 Part 1
Entire scanning zone of weld examination shall be covered by straight beam examination (2-6
MHz). Where possible, the third backwall echo shall be adjusted to 100%. If the first back wall
echo cannot be maintained at 100% this test shall not be conducted.
7.1.4.9.Shape and size of transducer
(a) JSA Z 3060
(i) Angle beam
20 x 20 mm or 10 x 10 mm for 2 (2.25) MHz and 10 x 10 mm for 5(4) MHz.
(ii) Straight beam
20, 25, 30 mm for 2 (2.25) MHz and 10, 20 mm for 5 (4) MHz.
(b) ASME Section V Article 4
Not defined
(c) BS 3923 Part 1
(i) Angle beam
Not defined.
(ii) Straight beam
Area 500 mm2 or less, with both the length and width to be 25 mm or less.
7.1.4.10.

Frequency of transducer

(a) JSA Z 3060
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2 (2.25) or 5 (4) MHz
(b) ASME Section V Article 4
1 MHz to 5 MHz (unless otherwise required)
(c) BS 3923 Part 1
1 to 6 MHz
7.1.4.11.

Probe angle

(a) JSA Z 3060
Specifies different probe angles for different weld thicknesses as under:
Weld thickness

Probe angle

6-40 mm

70 should be used.

40-60 mm

70 or 60 should be used.

60 mm or more

70 and 45 or 60 and 45 should be used.

(b) ASME Section V Article 4
Not defined, But for DAC technique beam angle shall be 45 or an angle appropriate for the
configuration.
(c) BS 3923 Part 1
Specifies different probe angles for different weld thicknesses as under:

7.1.4.12.

Weld thickness

Probe angle

35 to 60 mm

45 or 60 should be used.

15 to 35 mm

70 should be used.

6 to 15 mm

80 should be used.

Approach distance

(a) JSA Z 3060
Size of transducer (mm)
20 x 20
10 x 10

Nominal angle of
refraction (degrees)

Approach
distance (mm)

45
60
70
45
60
70

25
30
30
15
18
18
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(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Not defined.
7.1.4.13.

Resolution of angle beam probes

(a) JSA Z 3060
Resolution shall be 15 dB or more when specified test holes of STB-A2 block are measured.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Resolution shall be measured using a reference block for this purpose in the same manner as
specified for straight beam in BS 2704.
7.1.4.14.

Resolution of straight beam probe

(a) JSA Z 3060
Expressed in terms of supplement 3 of JSA Z 2344, it shall be:
Test frequency (MHz)

Classification

2 (2.25)
5 (4)

A or B
A

(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Shall be checked as required in BS 2704.
7.1.4.15.

Dead zone

(a) JSA Z 3060
(i) Angle beam
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Transducer size (mm)

Frequency (MHz)

Dead zone

10 x 10

2 (2.25)
5 (4)

25 mm or less
15 mm or less

20 x 20

2 (2.25)
5 (4)

30 mm or less
---

(ii) Straight beam
Frequency (MHz)

Dead zone

2 (2.25)
5 (4)

15 mm or less
15 mm or less

(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Not defined.
7.1.4.16.

Maximum sensitivity

(a) JSA Z 3060
(i) Angle beam
Expressed in terms of appendix 5 of JSA Z 2344, it shall be:
Angle of refraction
(degrees)

A2 sensitivity
(dB)

A1 sensitivity
(dB)

45

40

40

60

20

40

70

20

40

(ii) Straight beam
Expressed in terms of appendix 4 of JSA Z 2344, gain margin shall be 30 dB or more.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
With echo height from a curvature of 100 R adjusted to 75% of full screen height, gain margin
shall be as follows:
40 dB for plate thickness 75 mm or less.
50 dB for pate thickness exceeding 75 mm.
7.1.4.17.

Characteristics of instrument

Frequency range
(a) JSA Z 3060
2 (2.25) MHz and 5 (4) MHz
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(b) ASME Section V Article 4
1 to 5 MHz
(c) BS 3923 Part 1
Not defined, except that transducer shall be 1 to 6 MHz.
7.1.4.18.

Amplitude linearity

(a) JSA Z 3060
Expressed in terms of appendix 1 of JSA Z 2344, class 1 or 2.
(b) ASME Section V Article 4
Indication Set at %
of Full Screen

dB Control Change

Indication Limits %of
Full Screen

80%
80%
40%
20%

-6 dB
-12 dB
+6 dB
+12 dB

32 to 48%
16 to 24%
64 to 96%
64 to 96%

(c) BS 3923 Part 1
Within 1 dB in the range of 10-50% of full scale.
7.1.4.19.

Time base linearity

(a) JSA Z 3060
Within 1% of full scale as expressed in terms of appendix 2 of JSA Z 2344
(b) ASME Section V Article 4
Acceptable distance range is if any range distance range point has moved on the sweep line by
more than 10% of the distance reading or 5% of full sweep which ever is greater then correct the
distance range calibration.
(c) BS 3923 Part 1
1% or less of full scale
7.1.4.20.

Stability against source voltage

(a) JSA Z 3060
For normal voltage variation in power source used, change in sensitivity shall be within 1 dB,
shifts in ordinate and time base shall be within 2% of full scale.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1

256

7.1.4.21.

Stability against environmental temperature

(a) JSA Z 3060
When ambient temperature deviates 20C, changes in echo height and time base shall be within
2 dB and 2% respectively, for each 10C deviation.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Not defined.
7.1.4.22.

Cathode ray tube

(a) JSA Z 3060
Rise-up and top of echo shall be clearly indicated.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Shall be clear and easy to read.
7.1.4.23.

Graticule

(a) JSA Z 3060
Both ordinate and time base shall be of linear scale.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Shall be permanent scale marking covering both range and amplitude.
7.1.4.24.

Attenuator

(a) JSA Z 3060
One step shall be 2 dB or smaller, total attenuation 50 dB or larger, and error within 1 dB for
total.
(b) ASME Section V Article 4
Shall be equipped with a step gain control in unit of 2 dB or less.
(c) BS 3923 Part 1
2 dB steps for the control range used for examination. Accuracy shall be within 1 dB.
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7.1.4.25.

Examination procedure

(a) JSA Z 3060
General
(b) ASME Section V Article 4
Description is rather simple. Details are not clear in some area.
(c) BS 3923 Part 1
Detailed description is provided for preliminary examination.
7.1.4.26.

Sensitivity correction (transfer method)

(a) JSA Z 3060
Sensitivity shall be corrected when scanning surface is rough, or attenuation is great.
(b) ASME Section V Article 4
No sensitivity correction is required because sensitivity is set using a reference block ultrasonically
equivalent to the material tested.
(c) BS 3923 Part 1
Not defined.
7.1.4.27.

Flaws to be evaluated

(a) JSA Z 3060
When M level is used as the disregard level, indications, echo height of which exceeds M level. When
L level is used, indications exceeding L level.
(b) ASME Section V Article 4
Indications exceeding the distance amplitude correction curve corresponding to 20% of reference
level.
(c) BS 3923 Part 1
Not defined.
7.1.4.28.

Indicated defect length

(a) JSA Z 3060
The area where the echo height exceeds L level is obtained, and the longer length thereof is
measured to the accuracy of 1 mm. When plate thickness is 75 mm or larger, and a search unit of
2 (2.25) MHz is used, the distance of probe movement where 50% of the maximum echo height
is exceeded shall be measured.
(b) ASME Section V Article 4
Different criteria for:
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(i) Reflecter above 20% DAC or reference level (no length measurement required);
(ii) Reflecter greater than DAC or reference level (move probe to the left and right of mark
amplitude until the indication amplitude drop to 100% DAC);
(iii) Reflecter that require measurements technique to be qualified and demonstrated (move
the probe where amplitude fall to 20% DAC both on right and left of main amplitude).
(c) BS 3923 Part 1
Difference between distance of movement where indication does not decrease by more than 20
dB from the maximum echo height, and the effective beam width
7.1.4.29.

Classification of types of defects

(a) JSA Z 3060
Not defined.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Defects are classified into three types; isolated pores, elongated cylindrical flaws and planar
flaws.
7.1.4.30.

Classification of test results

(a) JSA Z 3060
Not defined.
(b) ASME Section V Article 4
Not defined.
(c) BS 3923 Part 1
Not defined.
7.1.4.31. Acceptance criteria
(a) JSA Z 3060
Not defined.
(b) ASME Section V Article 4
Not defined in Section V but in various referencing sections.
(c) BS 3923 Part 1
Not defined.
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7.2.TESTING PROCEDURES
Most of the codes and standards relating to ultrasonic testing require the documentation of a
written procedure of the examination to be carried out. The procedure outlines, in principle, the
scope, purpose, responsibilities, applicable specifications and the technical details of the
examination. In other words the procedure is the examination in written form. The procedure
must be sufficiently complete and concise to:
(i) Ensure that any competent examiner can perform an examination which would be
virtually identical to that performed by an equally competent examiner, i.e. the procedure
must ensure the repeatability of examination;
(ii) Allow an auditor or inspector, through its review, to make a reasonable assessment of
the examination to be performed prior to the actual performance. This process can save
much time by helping to make certain that the finished examination will be acceptable.
The procedure must contain all of the technical details necessary for the performance and
repeatability of the examination. These are:
(i) Equipment to be used;
(ii) Scanning procedure to be used;
(iii) Calibration procedures to be used;
(iv) Data to be recorded and techniques for its recording;
(v) Methods of recording data along with samples of data record sheets used in recording
data.
Details of (i) to (iii) will be described here in subsequent sections while Chapter 8 should be
consulted for details of (iv) and (v). A general procedure for ultrasonic testing has also been
given in Chapter 6.
7.2.1.

Selection of equipment

The equipment to be specified in the procedure for carrying out an ultrasonic test must have at
least the following characteristics:
(i) For most of the weld inspection the ultrasonic instrument should be capable of
generating frequencies over the range of at least 1 MHz to 5 MHz. Instruments operating
at other frequencies may be used if equal or better sensitivity can be demonstrated. The
equipment should be equipped with stepped gain control calibrated in steps of 2 dB or
less;
(ii) The ultrasonic instrument should provide linear vertical presentation within 5% of full
screen height. The requirement for linearity shall be met at intervals not to exceed three
months for analogue instruments and one year for digital equipment, or prior to first use
thereafter;
(iii) The ultrasonic instrument should utilize an amplitude control accurate over its useful
range to ±20% of the nominal amplitude ratio, to allow measurement of indications
beyond the linear range of the vertical display on the screen. The requirement for
linearity shall be met at intervals not to exceed three months for analogue instruments
and one year for digital equipment, or prior to first use thereafter;
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(iv) The proper functioning of the equipment should be checked and the equipment should
be calibrated by the use of the calibration standard at the beginning and end of each
examination, when examination personnel are changed or at any time that
malfunctioning is suspected, as a minimum. If during any check it is determined that
the test equipment is not functioning properly, all of the product that has been tested
since the last valid equipment calibration shall be re-examined;
(v)

7.2.2.

Probes used during the examination may contain either single or dual transducer
element. Probes with contour contact wedges may be used to aid ultrasonic coupling.
Calibration, in such a case, should be done with contact wedges used during the
examination. Optimum angle, shape and size of probes are determined by the specific
applications. Angle of the probe used should be such as to hit the expected flaw
perpendicularly. The probes used in weld testing are usually round, square or
rectangular, and their recommended sizes range from 6 mm diameter or 6 mm square
to 30 mm diameter or 30 mm square.
Position and direction of scan

The procedure written for a particular test assignment should indicate the surfaces on which the
specimen is to be scanned, the extent to which the scan is to be made and the direction and
speed of scanning. The surface on which the scan is to be made is known as the examination
surface, and it is to be scanned in such a way so as to scan the entire examination volume. To
fulfil this requirement, according to ASME Section V, each scanning pass of the probe should
overlap a minimum of 10% of the probes piezoelectric crystal dimension perpendicular to the
direction of the scan, and the speed of scanning should not exceed 6 in/sec (150 mm/sec) unless
calibration is verified at higher scanning speeds.
7.2.3.

Calibration

The calibration section of a procedure for an ultrasonic test assignment should, according to
ASME Section V, be in line with the following recommendations:
(vi) Calibration shall include complete ultrasonic examination system;
(vii) The original calibration must be performed on the basic calibration block;
(viii) Checks should be made to verify the sweep range (time base) and distance amplitude
correction of the entire examination system;
(ix) In all calibrations, it is important that maximum indications be obtained with the sound
beam oriented perpendicular to side-drilled holes and notches;
(x)

For contact examination, the temperature of the examination and basic calibration
block surfaces should be within 25F;

(xi) For immersion examination, the couplant temperature for calibration should be within
25F of the couplant temperature used in actual scanning or appropriate compensations
for angle and sensitivity changes shall be made;
(i) Each calibration should be performed from the surface (clad or unclad) corresponding
to the surface of the component from which the examination will be performed.
For angle beam probe the calibration should provide the following measurements:
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(i) Sweep range (time base) calibration.
Distance amplitude correction.
Position calibration ;
(ii) Distance amplitude correction inner ¼ volume.
Echo amplitude measurement from the surface notch in the basic calibration
block;
(iii) Calibration correction for planner reflecter perpendicular to the examination surface at
or near the opposite surface;
(iv) Beam spread;
(v) When an electronic distance amplitude correction device is used, the primary reference
response should be equalized at a nominal constant screen height at or between 40 to
80% of full screen height over the distance range to be employed in the examination.
The method of calibration of a normal beam probe should provide the following measurements:
(i) Sweep range calibration;
(ii) Distance amplitude correction;
(iii) When an electronic distance amplitude correction device is used, the primary reference
response should be equalized at a nominal constant screen height at or between 40 to
80% of full screen height over the distance range to be employed in the examination.
A calibration check on at least one of the basic reflectors in basic calibration block or a check
using a simulator should be made at the finish of each examination, and when examination
personnel (except for mechanized equipment) are changed. The sweep range and distance
amplitude correction should satisfy the following requirements:
(i) If any point on the DAC curve has moved on the sweep line more than 10% of the sweep
reading, or 5% of full sweep; which ever is greater then sweep range calibration should
be corrected, and this correction should be noted in the examination record. If recordable
reflectors are noted on the data sheet, test data sheet should be voided, a new calibration
should be recorded, and the voided examination should be repeated;
(ii) If any sensitivity setting has decreased 20% or 2 dB of its amplitude, all data sheets
since the last valid calibration or calibration check shall be marked void. A new
calibration should be made and the void examination areas should be re-examined. If
any point on the DAC has increased more than 20% or 2 dB of its amplitude, all recorded
indications since the last valid calibration or calibration check should be re-examined
and their value should be changed on the data sheet are re-recorded;
(iii) When any part of the examination system is changed, a calibration check should be
made on the basic calibration block to verify that 1/4, 1/2 and 3/4 T points on the sweep
and DAC curve values recorded satisfy the requirements of (x) a and b;
(iv) During calibration, any control that affects the instrument linearity (e.g. filter, reject,
etc.) should be in the same position for linearity check, calibration and examination;
(v) Any simulator checks that are used should be correlated with the original calibration on
the basic calibration block used during the original calibration. The simulator checks
may use different types of calibration reflector or block (such as IIW) and or electronic
simulation. However, the simulation used shall be completely identifiable on the
calibration sheet(s). The simulator check should be made on the entire examination
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system. The entire examination does not have to be checked in one operation, however,
for its check the probe should be connected to the ultrasonic instrument and checked
against a calibration reflector. Accuracy of the simulation check should be confirmed,
using the basic calibration block at the conclusion of each period of extended use or
every three months whichever is less.
7.3. SOME ULTRASONIC TESTING STANDARDS
7.3.1.

American society for testing and materials (ASTM)

Standard

Title

ASTM A 388

Standard practice (or ultrasonic examination of heavy steel forgings

ASTM A 418

Standard test method far ultrasonic examination of turbine and
generator steel rotor forgings

ASTM A 435

Standard specification for straight-beam ultrasonic examination of
steel plates

ASTM A 503

Standard specification for ultrasonic examination of forged
crankshafts

ASTM A 531M

Standard practice for ultrasonic examination of turbine-generator steel
retaining rings

ASTM A 577M

Standard specification for ultrasonic angle-beam examination of steel
plates

ASTM A 578M

Standard specification tor straight-beam ultrasonic examination of
plain and clad steel plates for special applications

ASTM A 609M

Standard practice for castings, carbon, low-alloy, and martensitic
stainless steel, ultrasonic examination thereof

ASTM A 745M

Standard practice for ultrasonic examination of austenitic steel
forgings

ASTM A 898M

Standard specification for straight beam ultrasonic examination of
rolled steel structural shapes

ASTM A 939

Standard test method tor ultrasonic examination from bored surfaces
of cylindrical forgings

ASTM B 548

Standard test method for ultrasonic inspection of aluminum-alloy plate
for pressure vessels

ASTM B 594

Standard practice for ultrasonic inspection of aluminum-alloy wrought
products for aerospace applications

ASTM B 773

Standard guide for ultrasonic c-scan bond evaluation of brazed or
welded electrical contact assemblies

ASTM C 133

Standard test method for measuring ultrasonic velocity in advanced
ceramics with broadband pulse-echo cross-correlation method

ASTM C 1332

Standard test method for measurement of ultrasonic attenuation
coefficients of advanced ceramics by pulse-echo contact technique
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ASTM D 4883

Standard test method for density of polyethylene by the ultrasound
technique

ASTM D 6132

Standard test method for non-destructive measurement of dry film
thickness of applied organic coatings using an ultrasonic gage

ASTM E 114

Standard practice for ultrasonic pulse-echo straight-beam examination
by the contact method

ASTM E 127

Standard practice for fabricating and checking aluminum alloy
ultrasonic standard reference blocks

ASTM E 164

Standard practice for ultrasonic contact examination of weldments

ASTM E 213

Standard practice for ultrasonic examination of metal pipe and tubing

ASTM E 214

Standard practice for immersed ultrasonic examination by the
reflection method using pulsed longitudinal waves

ASTM E 273

Standard practice for ultrasonic examination of the weld zone of
welded pipe and tubing

ASTM E 317

Standard practic9 for evaluating performance characteristics of
ultrasonic pulse- echo examination instruments and systems without
the use of electronic measurement instruments

ASTM E 428

Standard practice for fabrication and control of steel reference blocks
used in ultrasonic examination

ASTM E 494

Standard practice for measuring ultrasonic velocity in materials

ASTM E 587

Standard practice for ultrasonic angle-beam examination by the
contact method

ASTM E 588

Standard practice for detection of large inclusions in bearing quality
steel by the ultrasonic method

ASTM E 664

Standard practice for the measurement of the apparent attenuation of
longitudinal ultrasonic waves by immersion method

ASTM E 797

Standard practice for measuring thickness by manual ultrasonic pulseecho contact method

ASTM E 1001

Standard practice for detection and evaluation of discontinuities by the
immersed pulse-echo ultrasonic method using longitudinal waves

AST M E 1065

Standard guide for evaluating characteristics of ultrasonic search units

ASTM E 1158

Standard guide for material selection and fabrication of reference
blocks for the pulsed longitudinal wave ultrasonic examination of
metal and metal alloy production material

ASTM E 1315

Standard practice for ultrasonic examination of steel with convex
cylindrically curved entry surfaces

ASTM E 1324

Standard guide for measuring some electronic characteristics of
ultrasonic examination instruments

ASTM E 1454

Standard guide for data fields for computerized transfer of digital
ultrasonic testing data
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ASTM E 1495

Standard guide for acousto-ultrasonic assessment of composites,
laminates, and bonded joints

ASTM E 1774

Standard guide for electromagnetic acoustic transducers (EMATs)

ASTM E 1816

Standard practice for ultrasonic examinations using electromagnetic
acoustic transducer (EMAT) techniques

ASTM E 1901

Standard guide for detection and evaluation of discontinuities by
contact pulse-echo straight-beam ultrasonic methods

ASTM E 1961

Standard practice for mechanized ultrasonic examination of girth
welds using zonal discrimination with focused search units

ASTM E 1962

Standard test method for ultrasonic surface examinations using
electromagnetic acoustic transducer (EMAT) techniques

ASTM E 2001

Standard guide for resonant ultrasound spectroscopy for defect
detection in both metallic and non-metallic parts

ASTM E 2192

Standard guide for planar flaw height sizing by ultrasonics

ASTM E 2223

Standard practice for examination of seamless, gas-filled, steel
pressure vessels using angle beam ultrasonics

ASTM E 2373

Standard practice for use of the ultrasonic time of flight diffraction
(TOFD) technique

ASTM E 2375

Standard practice for ultrasonic examination of wrought products

ASTM F 1512

Standard practice for ultrasonic c-scan bond evaluation of sputtering
target-backing plate assemblies

7.3.2.

International institute of welding (IIW)

Standard

Title

IIW VC 148/OE

Characteristics of ultrasonic flaw detection equipment

IIS/IIW-127

Behavior of ultrasonic waves in the presence of various defects in
welds

IIS/IIW-205

Draft recommended practice for the ultrasonic inspection of butt
welds.

IIS/IIW-278

Recommended procedure for the determination of certain ultrasonic
pulse-echo equipment characteristics by the IIW calibration block

IIS/IIW-310

Limitations inherent in the use of ultrasonic for the examination of
welds

IIS/IIW-675

Ultrasonic techniques for the quantitative evaluation of weld defects
and their limitations.

7.3.3.

International organization for standardization (ISO)

Standard

Title
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ISO 2400

Welds in steel — reference block for the calibration of equipment
for ultrasonic examination

ISO 4386-1

Plain bearings — metallic multilayer plain bearings —
part 1: non-destructive ultrasonic testing of bond

ISO 5577

Non-destructive testing — ultrasonic inspection — vocabulary

ISO 5948

Railway rolling stock material — ultrasonic acceptance testing

ISO 7963

Welds in steel — calibration block no. 2 for ultrasonic examination
of welds

ISO 9303

Seamless and welded (except submerged arc-welded) steel tubes
for pressure purposes — full peripheral ultrasonic testing for the
detection of longitudinal imperfections

ISO 9305

Seamless steel tubes for pressure purposes — full peripheral
ultrasonic testing for the detection of transverse imperfections

ISO 9764

Electric resistance and induction welded steel tubes for pressure
purposes — ultrasonic testing of the weld seam for the detection of
longitudinal imperfections

ISO 9765

Submerged arc-welded steel tubes for pressure purposes —
ultrasonic testing of the weld seam for the detection of longitudinal
and/or transverse imperfections

ISO 10124

Seamless and welded (except submerged arc-welded) steel tubes
for pressure purposes — ultrasonic testing for the detection of
laminar imperfections

ISO 10332

Seamless and welded (except submerged arc-welded) steel tubes
for pressure purposes — ultrasonic testing for the verification of
hydraulic leak-tightness

ISO 10375

Non-destructive testing — ultrasonic
characterization of search unit and sound field

ISO 10423

Petroleum and natural gas industries — drilling and production
equipment — wellhead and christmas tree equipment

ISO 10543

Seamless and hot-stretch-reduced welded steel tubes for pressure
purposes — full peripheral ultrasonic thickness testing

ISO 11496

Seamless and welded steel tubes for pressure purposes —
ultrasonic testing of tube ends for the detection of laminar
imperfections

ISO 5 2094

Welded steel tubes for pressure purposes — ultrasonic testing for
the detection of laminar imperfections in strips/plates used in the
manufacture of welded tubes

ISO 12710

Non-destructive testing — ultrasonic inspection — evaluating
electronic characteristics of ultrasonic test instruments

ISO 12715

Ultrasonic non-destructive testing — reference blocks and test
procedures for the characterization of contact search unit beam
profiles
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inspection

—

ISO 1 3663

Welded steel tubes for pressure purposes — ultrasonic testing of
the area adjacent to the weld seam for the detection of laminar
imperfections

ISO 1 7640

Non-destructive testing of welds — ultrasonic testing of welded
joints

ISO 181 75

Non-destructive testing — evaluating performance characteristics
of ultrasonic pulse-echo testing systems without the use of
electronic measurement instruments

ISO 22825

Non-destructive testing of welds — ultrasonic method — testing
of welds in austenitic steels and nickel based alloys

7.3.4.

German standards organization (Deutsches institut fur normung) (DIN)

Standard

Title

DIN 54119

Ultrasonic testing definitions.

DIN 54120

Ultrasonic calibration block No. 1 and its use for adjusting and
checking ultrasonic pulse echo equipment.

DIN 54122

Ultrasonic calibration block No. 2 and its use for the adjustment
and control of ultrasonic pulse echo equipment.

DIN 54123

Non-destructive testing ultrasonic method of testing claddings,
produced by welding, rolling and explosion.

DIN54124

Non-destructive testing control of properties of ultrasonic test
systems simple controls

DIN54125

Non-destructive testing manual ultrasonic examination of
welded joints

DIN54126

Non-destructive testing rules for ultrasonic testing requirements
for test systems and test objects

DIN54127

Non-destructive testing calibration of ultrasonic flaw detection
equipment echo height evaluation.

DIN EN 583

Ultrasonic examination general principles

DIN EN 583

Non-destructive testing ultrasonic examination transmission
technique

DIN EN 1330

Non-destructive testing terminology terms used in ultrasonic
testing

DIN EN 1713

Non-destructive examination of welds ultrasonic examination
characterization of imperfections in welds

DIN EN 1714

Non-destructive testing of welds ultrasonic examination of
welded joints

DIN EN 10228

Non-destructive testing of steel forgings ultrasonic testing of
ferritic or martensitic steel forgings
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DIN EN 10246

Non-destructive testing of steel tubes ultrasonic testing of
strip/plate used in the manufacture of welded steel tubes for the
detection of laminar imperfections

DIN EN 12062

Non-destructive examination of welds general rules

AD HP 5/3

Manufacture and testing of joints-non-destructive testing of
welded joints

AD HP 5/3 Anlage12

Non-destructive testing of welded joints minimum requirement
for non-destructive testing methods

7.3.5.

European Committee for Standardization

Standard

Title

EN 583

Non-destructive testing — ultrasonic examination

EN 1 330-4

Non-destructive testing — terminology —
part 4: terms used in ultrasonic testing

EN 1712

Non-destructive testing of welds — ultrasonic testing of welded
joints acceptance levels

EN 1713

Non-destructive testing of welds — ultrasonic testing
characterization of indications in welds

EN 1714

Non-destructive testing of welds — ultrasonic testing of welded
joints

EN 10160

Ultrasonic testing of steel flat product of thickness equal or
greater than 6 mm (reflection method)

EN 10228

Non-destructive testing of steel forgings

EN 10246

Non-destructive testing of steel tubes

EN 10306

Iron and steel — ultrasonic testing of h beams with parallel
flanges and IPE beams

EN 10307

Non-destructive testing — ultrasonic testing of austenitic and
austenitic-ferritic stainless steel flat products of thickness equal
to or greater than 6 mm (reflection method)

EN 10308

Non-destructive testing — ultrasonic testing of steel bars

EN 12223

Non-destructive testing — ultrasonic
specification for calibration block no. 1

EN 12504

Testing concrete — part 4: determination of ultrasonic pulse
velocity

EN 12668

Non-destructive testing — characterization and verification of
ultrasonic examination equipment

EN 12680

Founding — ultrasonic examination

EN 13100-3

Non destructive testing of welded joints in thermoplastics semi
finished products — part 3: ultrasonic testing

EN 14127

Non-destructive testing,— ultrasonic thickness measurement
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examination

—

EN 27963

Welds in steel — calibration block no. 2 for ultrasonic
examination of welds

ENV 583-6

Non-destructive testing — ultrasonic examination — part 6:
time-of-flight diffraction technique as a method for detection
and sizing of discontinuities

ENV 14186

Advanced technical ceramics — ceramic composites —
mechanical properties at room temperature, determination of
elastic properties by an ultrasonic technique

PREN 2003-8

Aerospace series acceptance criteria for ultrasonic inspection of
billets, bars, plates and forgings in steel, titanium, titanium
alloys, aluminum alloys and heat resisting alloys

7.3.6.

British standards institution (BSI)

Standard

Title

BS 1881

Testing concrete part 203-86 : recommendations for measurement of
velocity of ultrasonic pulses in concrete.

BS 2704

Specification for calibration block for use in ultrasonic flaw detection.

BS 3059

Steel boiler and super heater tube part 2 appendix a: ultrasonic testing
of tubes for longitudinal defects.

BS 3683

Glossary of terms used in non-destructive testing part 4-85 : ultrasonic
flaw detection.

BS 3686

Glossary of terms used in non-destructive testing. Part 4: ultrasonic flaw
detection.

BS 3889

Methods for non-destructive testing of pipes and tubes part 1a:
ultrasonic testing of ferrous pipes (excluding cast).

BS 3915

Carbon and low alloy steel pressure vessels for primary circuits of
nuclear reactors appendix d : ultrasonic inspection of plates.

BS 3923

Methods for ultrasonic examination of welds. Part 1: manual
examination of fusion welded butt joints in ferritic steels. Part 2 :
automatic examination of fusion welded butt joints in ferritic steels.

BS 4080

Methods for non-destructive testing of steel castings.

BS 4124

Methods for ultrasonic detection of imperfections in steel forgings.

BS 4331

Method for assessing the performance characteristics of ultrasonic flaw
detection equipment.
Part 1: overall performance, on-site methods
Part 2: electrical performance
Part 3: guidance on the in-service monitoring of probes (excluding
immersion probes).

BS 4336

Methods for non-destructive testing of plate material. Part 1a: ultrasonic
detection of laminar imperfections in ferrous wrought plate.
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BS 4408

Recommendations for non-destructive methods of test for concrete. Part
5: 1974 measurement of the velocity of ultrasonic pulses in concrete.

BS 5500

Unfired fusion welded pressure vessels 5.6.6.2: ultrasonic techniques
5.7: acceptance criteria for weld defects revealed by visual examination
and non-destructive testing.

BS 5996

Specification for acceptance levels for internal imperfections in steel
plate, strip and wide flats, based on ultrasonic testing.

BS 6072

Method for magnetic particle flaw detection.

BS 6208

Methods for ultrasonic testing of ferritic steel castings including quality
levels.

BS 7585

Metallic multilayer plain bearings part 1-92 : method for nondestructive ultrasonic testing of bond.

BS 7706

Guide to calibration and setting up of the ultrasonic time of flight
diffraction (tofd) technique for the detection, location and sizing of
flaws.

BSM 36

Method for ultrasonic testing of special forgings by an immersion
technique using flat-bottom holes as reference standard.

BSEN 27963

Specification for calibration block no. 2 for ultrasonic examination of
welds.

DD 28

Method of ultrasonic inspection of turbines and compressor discs using
the avg diagram technique.

DTD 936

Ultrasonic inspection of aluminium alloy forgings.

DTD 937

Ultrasonic inspection of aluminium alloy plate.

M 36

Ultrasonic testing of special forgings by an immersion technique using
flat bottom holes as reference standard.

7.3.7.

Japanese Standards Association (JSA)

Standard

Title

JSA G 0582

Ultrasonic examination for steel pipes and tubes

JSA G 0584

Ultrasonic examination for arc welded steel pipes

JSA G 0587

Methods of ultrasonic examination for carton and low alloy steel
forgings

JSA G 0801

Ultrasonic examination of steel plates for pressure vessels

JSA G 0802

Ultrasonic examination of stainless steel plates

JSA G 0901

Classification of structural rolled steel plate and wide flat for
building by ultrasonic test

JSA H 0516

Ultrasonic inspection of titanium pipes and tubes
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JSA K 7090

Testing method for ultrasonic pulse echo technique of carbon fibre
reinforced plastic panels

JSA Z 2344

General rule of ultrasonic testing of metals by pulse echo technique

JSA Z 2345

Standard test blocks for ultrasonic testing

JSA Z 2350

Method for measurement of performance characteristics of ultrasonic
probes

JSA Z 2351

Method for assessing the electrical characteristics of ultrasonic
testing instrument using pulse echo technique

JSA Z 2352

Method tor assessing the overall performance characteristics of
ultrasonic pulse echo testing instrument

JSA Z 2354

Method for measurement of ultrasonic attenuation coefficient of
solid by pulse echo technique

JSA Z 2355

Methods for measurement of thickness by ultrasonic pulse echo
technique

JSA Z 3060

Method tor ultrasonic examination for welds of ferritic steel

JSA Z 3062

Methods and acceptance criteria of ultrasonic examination for cos
pressure welds of reinforcing deformed bars

JSA Z 3070

Methods for automatic ultrasonic testing for welds of ferritic steel

JSA Z 3080

Methods of ultrasonic angle beam examination for butt welds of
aluminium plates

JSA Z 3081

Methods of ultrasonic angle beam examination for welds of
aluminium pipes and tubes

JSA Z 3082

Methods of ultrasonic examination for T type welds of aluminium
plates

JSA Z 3871

Standard qualification procedure for ultrasonic testing technique of
aluminium and aluminium alloy welds.

7.3.8.

Korean Standards Association

Standard

Title

KSA B 0521

Methods of ultrasonic angle beam testing and classification of
test results for welds of aluminium pipes and tubes

KSA B 0522

Method of ultrasonic testing and classification of test results for
T type welds in aluminium plates
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KSA B 0532

Method for measurement of ultrasonic attenuation coefficient of
solid by pulse echo technique

KSA B 0533

Methods for measurement on ultrasonic velocity of solid by pulse
technique using reference test pieces

KSA B 0534

Method tor assessing the overall performance characteristics of
ultrasonic pulse echo testing instrument

KSA B 0535

Method for measurement of performance characteristics of
ultrasonic probes

KSA B 0536

Methods for measurement of thickness by ultrasonic pulse echo
technique

KSA B 0537

Methods for assessing the electrical characteristics of ultrasonic
testing instrument using pulse echo technique

KSA B 0817

General rule of ultrasonic testing of metals by the pulse echo
technique

KSA B 0831

Standard test blocks for ultrasonic testing

KSA B 0896

Methods of ultrasonic manual testing and classification of test
results for steel welds

KSA B 0897

Method of ultrasonic angle beam testing and classification of test
results for butt welds in aluminium plates

KSA D 0040

Classification of structural rolled steel plate for building by
ultrasonic test

KSA D 0075

Ultrasonic inspection of titanium pipes and tubes

KSA D 0233

Ultrasonic examination of steel plates for pressure vessels

KSA D 0250

Ultrasonic examination of steel pipes and tubes

KSA D 0252

Ultrasonic examination for arc welded steel pipes

KSA D 0273

Methods for ultrasonic examination for gas pressure welds of
reinforcing deformed bars

7.3.9.

Standards Australia International (SAI)

Standard

Title

SAI AS 1065

Non-destructive testing — ultrasonic testing of carbon and low alloy
steel forgings

SAI AS 1710

Non-destructive testing — ultrasonic testing of carbon and low alloy
steel plate — test methods and quality classification

SAI AS 2083

Calibration blocks and their methods of use in ultrasonic testing

SAI AS 2207

Non-destructive testing — ultrasonic testing of fusion welded joints in
carbon and low alloy steel

SAI AS 2452.3

Non-destructive testing — determination of thickness — use of
ultrasonic testing
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SAI AS 2824

Non-destructive testing — ultrasonic methods — evaluation and
quality classification of metal bearing bonds

SAI AS/NZS 2574

Non-destructive testing — ultrasonic testing of ferritic steel castings

7.3.10. Standards Council of Canada
Standard

Title

CGSB 48-GP-6a

Recommended practices for ultrasonic inspection of structural welds.

CGSB 48-GP-7M

Certification of non-destructive testing personnel (industrial
ultrasonic method).

CGSB CAN/

Certification of non-destructive testing personnel (industrial

CGSB 48.7-93

ultrasonic method)

CSA CAN3N285.4 M83

Periodic inspection of CANDU nuclear power plant components.

CSA CAN3N287.7 M80

In-service examination and testing requirements for concrete
containment structures for CANDU nuclear power plants.

CSA CAN/CSAN28.5-M90

Periodic inspection of CANDU nuclear power plant containment
components.

CSA CAN/CSAN285.6.6-88

Inspection criteria for zirconium alloys.

CSA CAN/CSAN286.0-92

Overall quality assurance programme requirements for nuclear power
plants.

CSA CANCSAN286.4-M86

Commissioning quality assurance for nuclear power plants.

CSA N287.5-93

Examination and testing requirements for concrete containment
structures for CANDU nuclear power plants.

7.3.11. American petroleum institute (API)
Standard

Title

API RP 5UE

Recommended practice for ultrasonic evaluation of pipe imperfections

API RP 2X

Recommended practice tor ultrasonic examination of offshore structural
fabrication and guidelines for qualification of ultrasonic technicians

API SPEC 5L

Specification for line pipe
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API SPEC 6A

Specification for wellhead and Christmas tree equipment.

7.3.12. SAE International
Standard

Title

SAE AMS 2154

Inspection, ultrasonic, wrought metals, process for

SAE AMS 2628

Ultrasonic immersion inspection titanium and titanium alloy billet
premium grade

SAE AMS 2630B

Inspection, ultrasonic product over 0.5 inch (12.7 mm) thick

SAE AMS 2631 b

Ultrasonic inspection, titanium and titanium alloy bar and billet

SAE AMS 2632A

Inspection, ultrasonic, of thin materials 0.50 inch (12.7 mm) and under in
cross-sectional thickness

SAE AMS 2633B

Ultrasonic inspection, centrifugally-cast, corrosion-resistant steel tubular
cylinders

SAE AMS 2634B

Ultrasonic inspection, thin wall metal tubing

SAE AS 7114/3

NADCAP requirements for non-destructive testing facility ultrasonic
survey

SAE J 428

Ultrasonic inspection

7.3.13. Miscellaneous standards
Standard

Title

AA 1979

Ultrasonic standard for plate; extruded, rolled or cold aluminium
finished bar and shape; and forgings and rings standard and data

Architectural Institute of
Japan Standards-79

Ultrasonic testing for welds of steel structures for buildings.

ANSI B 31.1-77

Power piping 136.4.6 :technique and acceptance standards for
ultrasonic examination.

ANSI B 31.3-76

Chemical plant and petroleum refinery piping 336.4.6 :
ultrasonic examination.

ANSI B 31.7-69

Nuclear power piping 1-736.5.3 : ultrasonic examination of welds
appendix b-2 : methods for ultrasonic examination of welds.

AWS A 2.4-79

Symbols for welding and non-destructive testing

AWS D 1.1-81

Structural welding code (steel) sec. 6 : inspection, part c :
ultrasonic testing of groove welds.
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DD 21-72(Drafts for
development of BS)

Quality grading of steel plate from 12 mm to 150 mm thick for
development by means of ultrasonic testing

JEAC 3202-79

Standards for non-destructive inspection of steam turbine rotors
of thermal power plants sec. 2 : ultrasonic testing.

JEAC 4205-74

In-service inspection of coolant pressure boundary in nuclear
vessels.

JEAC 4701-73

Standards for nuclear pressure vessels 3.9.1 (1) : ultrasonic
testing of plates.3.9.2(1) : ultrasonic testing of forgings and bars.
3.9.3(2) : ultrasonic testing of castings 3.9.4 (3) : angle beam
ultrasonic testing of pipes and tubes. 3.9.5 (2) : ultrasonic testing
of bolts. 6.2.2 : ultrasonic testing of weld joint 6.2.3 : ultrasonic
testing of clad bond.

JFSS 13-75

Standards for ultrasonic inspection of marine forgings.

JRS (1957)

Standards for ultrasonic inspection of axles. (workshop dept.)

MIL I-8950 B # I-70

Process for ultrasonic inspection of wrought metals.

MIL U 81055-64

General specifications for ultrasonic immersion inspection of
wrought metals.

MITI Notification

Notification for details of vessel construction in refrigerant
facilities

No. 374 MITI
Notifications

Art. 8 : ultrasonic testing. Details for structure of nuclear power
plant facilities no. 501article 7 : straight beam ultrasonic testing.
Article 8 : angle beam ultrasonic testing.

MITI Ordinance

General rules for welding of electric construction no. 81 art. 30 :
ultrasonic testing art. 31 : ultrasonic testing of clad bond.

MITI Ordinance No. 4

Testing rules for special facilities.

NAKS 0001-79

Ultrasonic inspection standard for gas pressure weld.

SAE J 428a-72

Ultrasonic inspection

WSP 008-72

Ultrasonic testing for welds of water service steel pipes
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8. CHAPTER 8.

RECORDING AND EVALUATION OF TEST RESULTS

8.1.SIGNIFICANCE OF DEFECTS AND NEED FOR PROPER EVALUATION OF
RESULTS
Most material failures take place due to already present defects which during service reach
dangerous sizes such that the remaining parts of materials cannot withstand the stresses to which
they are subjected and therefore fail in a ductile or brittle manner. There is, therefore, a need
firstly to detect these flaws and secondly to characterize them in terms of their nature, size and
location. A further step should be to assess as to how severe and dangerous these flaws are in
their present state and whether they need to be removed by repairing the tested component or
whether the component is to be scrapped or can the product with these known flaws still be
allowed to go into service? This process of judgment and decision is termed as "evaluation"
and is, in fact, replacing the concept of non-destructive testing (NDT) by non-destructive
evaluation (NDE).
Evaluation should really mean two things. First to make sure that no components with
unacceptable level of defects are able to escape inspection and go into service because this, as
has been said earlier at numerous places, can lead to catastrophic failures. Second, it is equally
important that components known to have such defects which are not considered to be
dangerous for the particular service are not stopped from going into service as this can mean
colossal production and material losses. Accordingly there are two basic requirements, firstly
to find reliably and accurately the defects in terms of their nature, size and location and secondly
to make judgment and decision on their further treatment. The first requirement is met by
utilizing appropriate NDT methods for detection and determination of nature, size and location
of defects while for the second the judgment of suitability or fitness for purpose is exercised
with the help of acceptance standards. The judgment is also made by following a more rigorous
fracture mechanics approach wherein the size of the flaw specially a crack is studied under
various load conditions and its behavior response predicted through calculations.
8.2.RECORDIBILITY OF DEFECTS
An ultrasonic flaw detector must be set at a minimum level of sensitivity since this is the only
means whereby echoes of otherwise uncertain significance can be translated into meaningful
information. In principle, the choice of a sensitivity level is based on the reflectivity of the
smallest flaw that is to be found at the maximum test range.
Two sensitivities are used during an inspection: the evaluation sensitivity and the scanning
sensitivity. The evaluation sensitivity (or reference sensitivity) is the instrument setting which
produces a reproducible signal amplitude from a reference artificial reflector with which the
instrument setting relating to a discontinuity echo can be compared. The evaluation sensitivity
can also be called the Primary Reference Echo (PRE) level. Scanning sensitivity is used during
the preliminary scanning of a test piece to locate all discontinuity echoes which have to be
assessed at the evaluation sensitivity stage. It is set by increasing the amplification of the
instrument from the evaluation sensitivity instrument settings by a specified amount, e.g.
6
dB.

When a defect is detected during the scan of the specimen, then the next step is that whether it
is recordable or not. This means that the defect should be further investigated in terms of its
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location, size and nature or it should be ignored. For this purpose every standard procedure of
ultrasonic testing specifies a certain record level. Record levels of most of the standards such
as ASME Code, API-1104 is 20% of the DAC curve or reference level.
In AWS D1.1 (2010), the recordibility of a defect depends on the weld thickness and probe
angle. In DGS diagram method any defect which gives an echo which is equal to or in excess
of the recording curve is recordable.
8.3.DATA TO BE RECORDED IN UT DURING FABRICATION
According to most of the ultrasonic standards used during fabrication when a defect is declared
recordable, the following characteristics of the defect should be determined:
(i) Nature of the defect;
(ii) Length of the defect, and;
(iii) Its reflectivity in dB value above or below the DAC curve or reference level.
These characteristics are required for acceptance or rejection of a defect. The determination of
these characteristics is discussed in the following.
The ultrasonic standards which are used during pre-service inspection (PSI) or in-service
inspection (ISI) require more extensive data of the defect. The characteristics of the defect
which are required to be recorded according to ASME Section V Article-4 are:
(i) The nature;
(ii) The depth;
(iii) The height or through thickness, and;
(iv) The length of the defect.
Table 8-I shows how the data is to be recorded for 130% DAC reflector Figure 8.1 according
to Article-4 of ASME Section V for the reflector that requires measurement techniques to be
qualified and demonstrated.

FIG. 8.1. Reflector reading.

TABLE 8.1. DATA TO BE RECORDED ACCORDING TO ASME CODE SECTION V ARTICLE 4
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Beam
Angle and

Weld
No.

Ind.
No.

Max.
DAC, %

Sound
Path
[in. (mm)]

XX

1

130

3.5 (88.9)

25.0 (635)

-5.0 (-127)

20

3.3 (83.8)

24.5 (622)

-4.8 (-122)

Minimum depth position

20

3.4 (86.5)

24.3 (617)

-5.0 (-127)

Left end

20

3.7 (94)

25.5 (648)

-5.4 (-137)

Maximum depth position

20

3.6 (91.4)

25.8 (655)

-5.3 (-135)

Right end

Loc. (X)
[in. (mm)]

Pos. (Y)
[in. (mm)]

Calibration

YY

Sheet

Comments and Status

Beam
Direction,
deg
45 (0)

Slag

Length = 25.8 in. – 24.3 in. = 1.5 in.
(655 mm - 617 mm = 38 mm)
Through wall dimension =
(3.7 in. - 3.3 in.)(cos 45 deg) = 0.28 in.
[(94 mm – 83.8 mm)(cos 45 deg) = 7.2
mm)]

GENERAL NOTE: Ind. No. = Indication Number; Loc. (X) = Location along X axis; Pos. (Y) = Position (Y) from
weld centerline; Beam Direction is towards 0, 90, 180, or 270

Search unit location, position, and beam direction
8.4.DEFECT CHARACTERIZATION
8.4.1. Defect location
Besides the above mentioned characteristics, flaw location is another parameter which is to be
reported. The location of a defect which has been detected can be read directly from the screen
of a flaw detector which has been properly calibrated. In the case of normal probes the location
of a defect below the surface is given directly as may be seen from Figure 8.2. But in the case
of angle probes the location below the surface has to be calculated from a knowledge of the
beam path length and the probe angle.

FIG. 8.2. Defect location with a normal beam probe.
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For example in Figure 8.3, d/R = cos, where ‘d’ is the depth of the defect below the surface,
‘’ is the probe angle and "R" is the length of the sound beam path to the defect. ‘R’ is also
called ‘range’ and is read directly from the calibrated screen by noting the position of the defect
echo. The location of the defect below the surface can then be determined by calculating ‘d’.
Defect location can also be determined by producing an accurate sketch or by calculation. It is
also necessary to report the location of the defect along the surface of the specimen with respect
to some drawn or reference point.

FIG. 8.3. Defect location with an angle beam probe along with defect depth.

8.4.2. Defect sizing
Defect sizing is generally done in terms of echo amplitudes. There are three methods commonly
used for the echo amplitude evaluation. These are reference block method, the scanning method
and the DGS diagram method.
In reference block method, the echo height in dB with respect to DAC is determined and
recorded. This is done by changing the setting of the gain control and bringing the echo height
to the level of DAC and noting down the value of the new gain control setting. The difference
between this new value and PRE (plus transfer loss and attenuation corrections, if any) is the
height in dB with respect to DAC. This difference has to be reported in the ultrasonic test report.
In the DGS diagram method, the echo height in dB with respect to the recording curve is
determined by bringing the echo height to the level of recording curve using the gain control,
the value of new gain setting is noted and its difference with Grec is determined. The difference
in the echo height in dB with respect to the recording curve is reported in ultrasonic test report.
8.4.2.1.6-dB drop method
The basic assumption in this method is that the echo height displayed, when the probe is
positioned for maximum response from the flaw, will fall by one half (i.e. by 6 dB and hence
the name) when the axis of the beam is brought into line with the edge of the flaw as illustrated
in Figure 8.4. The 6 dB method is suitable for the sizing of flaws which have sizes of the same
order or greater than that of the ultrasonic beam width but will give inaccurate results with flaws

279

of smaller sizes than the ultrasonic beam. It is therefore generally used to determine flaw length
but not flaw height.
The procedure to determine the dimension of a flaw parallel to the probe movement, i.e. the
flaw length, is as follows:
(i) Position the probe to get maximum echo from the flaw;
(ii) Adjust the height of the echo to some convenient scale on the CRT screen by using the
gain control of the flaw detector;

FIG. 8.4. 6 dB drop method.

(iii) Move the probe across the flaw in one direction until the echo height falls to one half
of the height adjusted in (ii);
(iv) Mark the centre of the probe on the surface of the test specimen for this probe position;
(v)

Now move the probe in the opposite direction through the maximized echo position to
the position when the echo height again falls to one half of the height adjusted in (ii);

(vi) Mark the probe centre at this position as well;
(vii) The distance between the two marks gives the dimension of the defect parallel to the
probe movement;
(viii) If the reflectivity of the flaw varies considerably, the probe is moved until the last
significant echo peak is observed just before the echo drops off rapidly. This peak is
brought to full screen height and then the probe is moved as in (iii). A similar procedure
is followed for the other end of the flaw.
8.4.2.2.20-dB drop method
This method utilizes, for the determination of flaw size, the edge of the ultrasonic beam where
the intensity falls to 10% (i.e. 20 dB) of the intensity at the central axis of the beam
as
illustrated in Figure 8.5.
The detailed procedure to determine the size of the flaw with the 20 dB drop method is as
follows:
(i)

Position the probe to get a maximum echo amplitude from the flaw;

(ii)

Adjust the echo amplitude to some convenient scale on the CRT screen using the gain
control of the flaw detector;
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(iii) Move the probe first across the flaw in one direction until the echo amplitude falls to
1/10th of its original height (i.e. by 20 dB);

FIG. 8.5. 20 dB drop method.

(iv) Mark the position of the probe index on the surface of the test specimen at this position;
(v)

Now move the probe in the opposite direction through the maximized echo position
until the echo amplitude again falls to 1/10th of its original height;

(vi) Mark the position of the probe index on the surface at this position;
(vii) Measure the distance between the two markings (let it is ‘P’);
(viii) Determine the beam width  at the depth, d, of the flaw from the beam profile diagram
or from the equation 8.1;
(ix) (vii) minus (viii) will thus give the dimension of the flaw parallel to the movement of
the ultrasonic beam, i.e. L = P - ∅.
∅ = 𝐷 + 2 (𝑑 − 𝑁) tan /2
Where,
∅
𝑑
𝑁
𝐷

=
=
=
=

(8.1)

Beam Width
Defect Depth
Near Field Length
Probe Diameter

The 20 dB drop method gives more accurate results than the 6 dB drop method because of the
greater control one has on the manipulation of the ultrasonic beam. However, size estimation
using either the 6 dB or 20 dB drop method have inherent difficulties which must be considered.
The main problem is that the amplitude may drop for reasons other than the beam scanning past
the end of the defect. Some of these reasons are:
(i)

The defect may taper in section giving a reduction in cross sectional area within the
beam. If this is enough to drop the signal 20 dB or 6 dB, the defect may be reported as
finished while it, in fact, continues for an additional distance;

(ii)

The orientation of the defect may change so that the probe angle is no longer giving
maximum response; another probe may have to be used;

(iii) The probe may be twisted inadvertently;
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(iv) The surface roughness may change;
8.4.2.3.Flaw Location Slides
The School of Applied Non-destructive Testing (SANDT) at Cambridge, UK, has developed a
flaw location slide for the location and sizing of defects in welds using the 6 dB or 20 dB drop
methods. The method is no more used in modern practice.
8.5.DETERMINATION OF NATURE OF DEFECTS
Response of the nature of a flaw is ascertained by a series of controlled movements of the probe.
Different types of probe movements are as shown in Figure 8.6.

FIG. 8.6. Different types of probe movements; (a) Rotational,
(b) Orbital, (c) Lateral, (d) Transverse.

In general, for welds, a flaw can be differentiated as one of the following types.
8.5.1. Isolated pore
A pore, normally being round, is a very poor reflector. Theoretically, only those rays of the
beam which hit the pore perpendicularly are reflected to the probe. All rays impacting at an
angle are dispersed. Thus, the reflected sound pressure is small as is the echo on the screen
Figure 8.7. The height and shape of this echo does not change when the probe is orbited around
the pore at a constant distance even from the other side of the weld seam.

FIG. 8.7. Shape of the echo from a pore.

8.5.2. Porosity
This gives rise to a lot of tiny echoes, depending on the number and distribution of the pores
Figure 8.8. In most cases, echo from pore pockets can be distinguished from slag inclusions
because the former ones give much smaller echoes whereas the latter ones give high, pine
shaped echoes.
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FIG. 8.8. Shape of echoes from porosity.

During rotational, lateral and transverse scans, the echo rises and falls quickly and smoothly as
the beam scans through the discontinuity.
8.5.3. Slag inclusion
The echo from this flaw can be as high as a crack or lack of fusion but the shape of the echo is
quite different. As a result of its rugged surface, which offers many small targets at different
distances, the echo rises like a pine tree from the zero line of the screen Figure 8.9.

FIG. 8.9. Shape of echo from a slag inclusion.

When the probe is orbited around the flaw on both sides of the weld seam the echo height
usually will not change; only the branches of the pine tree will show a steady echo signal height
over a significant length of scan while a depth scan will show a sharp peak over a short distance.
Like pores, slag inclusions have no preferred location in the weld seam.
8.5.4. Planar defects
Examples of such defects are cracks and incomplete penetration. They reflect the sound energy
totally in a particular direction. The echo height falls off drastically when the probe is orbited
around the defect or rotated about its own axis from its position of maximum echo signal Figure
8.10. Therefore, it should be easy to distinguish a slag inclusion from a planar flaw.
Since cracks, lack of penetration and lack of side wall fusion are all planar flaws, they cannot
be differentiated from each other simply by the echo height and shape when being irradiated
from one side of the seam. To determine the nature of each flaw with certainty, the location of
the flaw in the weld has to be established. Since incomplete penetration and lack of side wall
fusion have preferred locations in the weld seam, if a planar flaw is located at the centre of the
weld in a single vee butt joint, this flaw will hardly be a lack of side wall fusion. If a planar
target is located at the edge of the bead it is probably a lack of side wall fusion. This can be
confirmed by irradiating the weld from the other side.
If the flaw is orientated vertically, the echo height will be nearly equal when checking from
either side. If it is inclined, the echo height will differ distinctly.
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FIG. 8.10. Shape of an echo from a planar defect w.r.t. to probe positions 1 and 2.

8.5.5. Miscellaneous
Although it is easy to recognize a line flaw it is often difficult to decide whether such a flaw is
continuous or intermittent. If intermittent, it is even more difficult to determine the extent of
the gaps between various portions of the flaw chiefly because of beam spread and the
consequent overlapping of successive flaws. The echo height usually fluctuates, the extent of
the rise and fall being a function of the length of the gap. A continuous but ragged flaw has a
similar effect due to random reflection of the beam. But this can be detected by slight oscillation
and swivelling of the probe opposite the point of echo fall. There will then be several points
where the incidence of the beam is most favourable, and echo height will increase sharply. If,
however, the flaw is intermittent, the same movements will result in rapid decline of echo
height.
With practice, the study of echo response leads to a process of mental integration which enables
the UT operator to classify each characteristic sequence with little conscious effort.
8.5.6. DGS Diagram Method
The DGS diagram method makes use of the so-called DGS diagram, developed by Krautkramer
in 1958 by comparing the echoes from small reflectors, namely different diameter flat bottom
holes located at various distances from the probe, with the echo of a large reflector, a back wall
reflector, also at different distances from the probe. The difference in the amplitude of echoes
of the flat bottom holes and the back wall reflector is determined in decibels, i.e. dB. This
diagram relates the distance ‘D’ from the probe (i.e. along the beam) in near field units thus
compensating for probes of different size and frequency, to the gain G in dB for a flat bottom
hole (f.b.h.) compared to a particular back wall reflector and the size S of the flat bottom hole
as a proportion of the probe crystal diameter.
For evaluation of flaws using DGS diagrams it should be remembered that the natural flaws
such as porosity, foreign materials inclusions, cracks, etc. never have the geometry, shape or
orientation like that of the flat bottom holes. Also the echo amplitude of a particular flaw is
influenced not only by its size but also by its shape and inclination with respect to the direction
of the incoming sound beam, the roughness and other probable parameters. This has given rise
to the need of defining the equivalent reflector size (ERS). This is a disc shape reflector such
as a flat bottom hole which, if lying perpendicularly to the acoustical axis of the sound beam,
will give the same echo height on the screen as the unknown natural flaw. This correlation is
allowable as long as the natural flaw is one whose reflection characteristics are similar to that
of a disc shaped reflector. This is true of all natural flaws representing small reflectors not
exceeding the limits of the sound beam in any direction. The defect evaluation using DGS
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diagrams is therefore done in terms of ERS and it should always be kept in mind that it does
not represent the real size of the flaw.
The procedure for the use of DGS diagrams for evaluation of flaws is as follows:
(i)

Determine the flaw echo amplitude in decibels above the reporting level (i.e., above
the 2/5th or 80% of full screen height). Let the dB value be A dB;

(ii)

Locate the defect depth on the DGS diagram in near field length units for normal beam
probes, and mm for angle beam probes. Let the location be marked as-X;

(iii) At X determine the dB difference between the record level and attenuation curve
already drawn on the DGS diagram. Let this difference be B dB;
(iv) Determine the difference (A-B) dB;
(v)

Determine the point of intersection of a line drawn perpendicular to the D-scale at X
and the line drawn perpendicular to the G-scale at (A-B) dB;

(vi) Determine the S-value of the curve in the DGS diagram which lies nearest to the point
of intersection determined in (v);
Determine the diameter of the equivalent disc shape reflector in mm as follows:
(i)

For a normal beam probe multiply the S-value by the diameter of the probe crystal;

(ii)

For an angle beam probe the S-value itself gives the diameter of the equivalent disc
shape reflector.

Example # 1 (Normal beam probe):
A steel forging of 200 mm thickness is being tested with a normal probe having a frequency of
2 MHz and a crystal diameter of 10 mm. An assumedly flat bottom hole (f.b.h.) is detected at a
depth of 100 mm and its echo amplitude is displayed on the CRT screen. It is required to find
out the size of this f.b.h. by evaluating the echo amplitude.
Calculate 𝑁

= 𝐷 / 4𝜆 =

𝐷 𝑓/ 4𝑣 = 8.5 mm

Test range in steel, 𝑠 = 200𝑚𝑚
𝐷 for back wall

=

Test range for f.b.h.

= 100 mm

𝐷 for f.b.h.

=

.

.

𝑁 =

𝑁

=

23.5 𝑁

11.7 𝑁

(i)

In Figure 5.34 draw a line perpendicular to D-axis at 23.5 N and extend it to meet the
back wall line (also called the reference line);

(ii)

From the point of intersection as in (vi), which is also called the reference point, draw
a line perpendicular to the G-axis meeting the G-axis at 23.5 dB;

(iii) Draw also a line perpendicular to the D-axis at 11.7 N;
(iv) Adjust the echo height of the reference reflector (backwall) to say 80% of full screen
height (F.S.H). Call this echo height as ‘H’, and note the corresponding value of the
dB control. Let it be, for example, 14 dB and denoted by ‘G’;
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(v)

Without changing the gain look at the echo from the f.b.h. Usually the echo from the
f.b.h is much smaller than the reference echo and therefore the difference in amplitudes
turns out to be negative;

(vi) Increase the gain until the echo from the f.b.h. also reaches the reference height, i.e.
80% of F.S.H. Say the setting of gain control for this is 34 dB. Call it G2;
(vii) Thus the echo of the f.b.h. needs an additional increase in gain of 20 dB (G2 - G,) in
order to reach the same screen height as the back wall echo;
(viii) Locate a point 20 dB below the dB value (as in (vii)) corresponding to reference point
(23.5 dB). This is the point 43.5 dB on the G-axis;
(ix) Draw a line at 43.5 dB and perpendicular to G-axis. Extend this line to meet the line
in (viii) at a point;
(x)

Note the S-value corresponding to this point of intersection. This comes out to 0.3;

(xi) Multiply this value of S in (xv) by the crystal diameter to get the diameter of the f.b.h.
This comes out to be 3 mm;
(xii) The f.b.h. detected at a depth of 100 mm has been evaluated to have a diameter of 3
mm.
Example # 2 (Normal beam probe)
𝑃𝑟𝑜𝑏𝑒 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦

=

5 𝑀𝐻𝑧

𝑃𝑟𝑜𝑏𝑒 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 𝑑𝑖𝑎

=

10𝑚𝑚

𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 =
𝑁𝑒𝑎𝑟 𝑓𝑖𝑒𝑙𝑑 𝑙𝑒𝑛𝑔𝑡ℎ

=

as described in chapter 5
21𝑚𝑚

(i)

Echo height above the reporting level of 2/5th or 80% of full screen height = 9 dB;

(ii)

Flaw depth

=

42mm, (

= 2 near field length);

(iii) Difference between the record level and the attenuation curve at 4 near field units on
DGS diagram of Figure 5.34 is 1 dB;
(iv) Difference between (i) and (iii) = 8 dB;
(v)

Point of intersection of a line drawn at 2 near field lengths and line drawn at 8 dB lies
close to 0.4 S-value line (DGS diagram of Figure 5.34);

(vi) Equivalent disc diameter = 0.4 x 10 = 4 mm.
Example # 3 (Angle beam probe)
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 𝑠𝑒𝑡𝑡𝑖𝑛𝑔 =

as described in chapter 5

(i)

Flaw echo amplitude above the reporting level = 40 dB;

(ii)

Flaw depth = 50 mm;

(iii) Difference between record level and attenuation curve at 50 mm = 12 dB from DGS
diagram of Figure 5.35;
(iv) Difference, 40- 12 = 28 dB;
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(v)

Point of intersection of line drawn perpendicular to the D-scale at 50 mm and the line
drawn perpendicular to G-scale at 28 dB above the record level lies close to the 5 mm
S- curve;

(vi) Hence the diameter of equivalent disc = 5 mm.
8.6.EVALUATION OF DISCONTINUITIES IN ACCORDANCE WITH
SPECIFICATIONS, STANDARDS AND CODES
After the prescribed tests have been completed and the flaws characterized according to their
nature, size and location, the next question is how to treat the flaws. Some careful considerations
in this respect need to be made. The sensitivity of flaw detection is ever increasing with
improvements in instrumentation. With modern equipment we can detect areas of discontinuity
say 1 mm by 1/8 mm and wall thickness measuring devices with a sensitivity of 0.1 mm and
better.
Now whether such small flaws and thickness variations which are now within the detection
capability of various NDT methods should be rejected would remain a matter of subjective
judgment unless it is fully established by calculations and extensive experimentation that this
level of flaws is really going to be dangerous and therefore parts containing these sorts of flaws
should not be allowed to go into service until after their satisfactory rectification. It must also
be recognised that irrespective of the non-destructive tests employed, a discreet small
percentage of defects will go unreported. Of course, all industrial construction depends to some
extent upon a statistical probability of failure, and the job of overall quality assurance is to
ensure that the level of this failure probability is kept acceptably low. Except in the most extra
ordinary circumstances, 100% non-destructive inspection with all the available techniques
would never be specified, and of course, even if it were, it would not guarantee 100% freedom
from imperfections. In practice, therefore, adequate levels of quality assurance can only be
obtained through the development of an integrated system of production control and NDT.
These and many other considerations have gone into preparing acceptance/rejection standards
for various products usually tested with non-destructive testing methods. The most serious
defects from the loss of strength point of view are planar defects, such as cracks and lack of
fusion, and volumetric defects, such as gas holes, are less serious. It is now clear that the through
thickness dimension of a defect is more significant than the defect length, and also that surface
breaking defects are more serious than totally internal defects. There is ample evidence that
distributed porosity has very little effect on weld strength. As a consequence of these findings,
the acceptable level for weld defects is a constantly changing topic, still subject to much
discussion and controversy.
8.6.1. Accept/reject criteria for welds, ASME Section VIII (2010)
8.6.1.1.Accept standards for welds
All imperfections that produce an amplitude greater than 20% of the reference level shall be
investigated to the extent that the operator can determine the shape, identity, and location of all
such imperfections and evaluate them in terms of the acceptance standards given in (a) and (b)
below.
(a)

Indications characterized as cracks, lack of fusion or incomplete penetration are
unacceptable regardless of length.
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(b)

Other imperfections are unacceptable if the amplitude exceeds the reference level and
the length of the imperfection exceeds:

(i)

1/4 in. (6mm) for t up to 3/4 in.(19mm);

(ii)

1/3 t for t from 3/4 in. to 2 ¼ in. (19 mm to 57 mm);

(iii) 3/4 in. (19mm) for t over 2 ¼ in. (57 mm).
Where, ‘t’ is the thickness of the weld, excluding any allowable reinforcement. For a butt weld
joining two members having different thicknesses at the weld, t is the thinner of these two
thicknesses. If a full penetration weld includes a fillet weld, the thickness of the throat of the
fillet shall be included in ‘t’.
8.6.2. Accept/reject criteria of AWS D1.1 (2010)
TABLE 8.2. AWS 2010 ACCEPT / REJECT CRITERION FOR STATICALLY LOADED NONTUBULAR
CONNECTIONS
Weld size in inches (mm) and search unit angle
5/16
through
3/4
(8-20)

> 3/4
through
1-1/2
(20-38)

70

70

70

60

45

70

60

45

70

60

45

Class A

+5 and
lower

+2 and
lower

-2 and
lower

+1 and
lower

+3 and
lower

-5
and
lower

-2 and
lower

0 and
lower

-7 and
lower

-4 and
lower

-1 and
lower

Class B

+6

+3

-1
0

+2
+3

+4
+5

-4
-3

-1
0

+1
+2

-6
-5

-3
-2

0
+1

Class C

+7

+4

+1
+2

+4
+5

+6
+7

-2 to
+2

+1
+2

+3
+4

-4 to
+2

-1 to
+2

+2
+3

Class D

+8
and up

+5
and up

+3
and up

+6
and up

+8
and up

+3
and
up

+3
and up

+5
and up

+3
and up

+3
and up

+4
and up

Discontinuity

severity
class

> 1-1/2 through 2-1/2 (38-65)

> 2-1/2 through 4 (65-100)

> 4 through 8 (100-200)

* Weld sizes in butt welds shall be the nominal thickness of the thinner of the two parts being
joined.
Notes:
(i)

Class B and C discontinuities shall be separated by at least 2L, L being the length of
the longer discontinuity, except that when two or more such discontinuities are not
separated by at least 2L, but the combined length of discontinuities and their separation
distance is equal to or less than the maximum allowable length under the provisions of
Class B or C, the discontinuity shall be considered a single acceptable discontinuity;

(ii)

Class B and C discontinuities shall not begin at a distance from 2L from weld ends
carrying primary tensile stress, L being the discontinuity length;

(iii) Discontinuities detected at “scanning level” in the root face area of complete joint
penetration double groove weld joints shall be evaluated using an indication rating 4
dB more sensitive than described in 6.26.6.5 when such welds are designated as
“tension welds” on the drawing (subtract 4 dB from the indication rating “d”);
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(iv) Electroslag or electrogas welds: discontinuities detected at “scanning level” which
exceed 2 in. (50mm) in length shall be suspected as being piping porosity and shall be
further evaluated with radiography;
(v)

For indications that remain on the CRT as the search unit is moved, refer to 6.13.1.
Scanning Levels
Above Zero
Reference, dB

Sound path (in.)**
through 2-1/2 (65mm)
> 2-1/2 to 5 (65-125mm)
> 5 to 10 (125-250mm)
> 10 to 15 (250-380mm)

14
19
29
39

** This column refers to sound path distance; NOT material thickness.

Class A (large discontinuities)
Any indication in this category shall be rejected (regardless of length).
Class B (medium discontinuities)
Any indication in this category having a length greater than 3/4 inch (20 mm) shall be rejected.
Class C (small discontinuities)
Any indication in this category having a length greater than 2 inches (50 mm) shall be rejected.
Class D (minor discontinuities)
Any indication in this category shall be accepted regardless of length or location in the weld.
TABLE 8.3. AWS 2010 ACCEPT / REJECT CRITERION FOR CYCLICALLY LOADED NONTUBULAR
CONNECTIONS.

Weld size* in inches (mm) and search unit angle
5/16
through
3/4
(8-20)

> 3/4
through
1-1/2
(20-38)

70

70

70

60

45

70

60

45

70

60

45

Class A

+10 and
lower

+8 and
lower

+4 and
lower

+7 and
lower

+9 and
lower

+1
and
lower

+4 and
lower

+6 and
lower

-2 and
lower

+1 and
lower

+3 and
lower

Class B

+11

+9

+5
+6

+8
+9

+10
+11

+2
+3

+5
+6

+7
+8

-1
0

+2
+3

+4
+5

Class C

+12

+10

+7
+8

+10
+11

+12
+13

+4
+5

+7
+8

+9
+10

+1
+2

+4
+5

+6
+7

Class D

+13
and up

+11
and up

+9
and up

+12
and up

+14
and up

+6
and
up

+9
and up

+11
and up

+3
and up

+6
and up

+8
and up

Discontinuity
severity
class

> 1-1/2 through 2-1/2 (38-65)

> 2-1/2 through 4 (65-100)

> 4 through 8 (100-200)

* Weld sizes in butt welds shall be the nominal thickness of the thinner of the two parts being
joined.
Notes:
(i)

Class B and C discontinuities shall be separated by at least 2L, L being the length of
the longer discontinuity, except that when two or more such discontinuities are not
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separated by at least 2L, but the combined length of discontinuities and their separation
distance is equal to or less than the maximum allowable length under the provisions of
Class B or C, the discontinuity shall be considered a single acceptable discontinuity;
(ii)

Class B and C discontinuities shall not begin at a distance less than 2L from the weld
end carrying primary tensile stress, L being the discontinuity length;

(iii) Discontinuities detected at “scanning level” in the root face area of complete joint
penetration double groove weld joints shall be evaluated using an indication rating 4
dB more sensitive than described in 6.26.6.5 when such welds are designated as
“tension welds” on the drawing (subtract 4 dB from the indication rating “d”);
(iv) For indications that remain on the CRT as the search unit is moved.
Scanning Levels
Sound path (in.)**

Above Zero
Reference, dB

through 2-1/2 (65mm)

20

> 2-1/2 to 5 (65-125mm)

25

> 5 to 10 (125-250mm)

35

> 10 to 15 (250-380mm)

45

** This column refers to sound path distance; NOT material thickness

Class A (large discontinuities)
Any indication in this category shall be rejected (regardless of length).
Class B (medium discontinuities)
Any indication in this category having a length greater than 3/4 inch (19mm) shall be rejected.
Class C (small discontinuities)
Any indication in this category having a length greater than 2 in. (50 mm) in the middle half
or ¾ inch (20 mm) length in the top or bottom quarter of weld thickness shall be rejected.
Class D (minor discontinuities)
Any indication in this category shall be accepted regardless of length or location in the weld.
8.6.3. Accept/reject criteria of API-1104 (2013)
8.6.3.1.Acceptance Standards
General
Indications shall be considered defects should any of the following conditions exist:
(i) Indications determined to be cracks;
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(ii) Individual indications with a vertical height (through-wall) dimension determined to be
greater than one quarter of the wall thickness;
(iii) Multiple indications at the same circumferential location with a summed vertical height
(through-wall) dimension exceeding one quarter the wall thickness.
Linear Surface (LS) Indications
LS indications (other than cracks) interpreted to be open to the ID or OD surface shall be
considered defects should any of the following conditions exist:
(i) The aggregate length of LS indications in any continuous 12 in. (300 mm) length of
weld exceeds 1 in. (25 mm);
(ii) The aggregate length of LS Indications exceeds 8 % of the weld length.
Linear Buried (LB) Indications
LB indications (other than cracks) interpreted to be subsurface within the weld and not ID or
OD surface connected shall be considered defects should any of the following conditions exist:
(i) The aggregate length of LB indications in any continuous 12 in. (300 mm) length of
weld exceeds 2 in. (50 mm);
(ii) The aggregate length of LB indications exceeds 8 % of the weld length.
Transverse (T) Indications
T indications (other than cracks) shall be considered volumetric and evaluated using the criteria
for volumetric indications. The letter T shall be used to designate all reported transverse
indications.
Volumetric Cluster (VC) Indications
VC indications shall be considered defects when the maximum dimension of VC indications
exceeds 1/2 in. (13 mm).
Volumetric Individual (VI) Indications
VI indications shall be considered defects when the maximum dimension of VI indications
exceeds 1/8 in. (3 mm).
Volumetric Root (VR) Indications
VR indications interpreted to be open to the ID surface shall be considered defects should any
of the following conditions exist:
(i) The maximum dimension of VR indications exceeds 1/4 in. (6 mm) or the specified wall
thickness, whichever is less;
(ii) The total length of VR indications exceeds 1/2 in. (13 mm) in any continuous 12 in.
(300 mm) length.
Accumulation
Any accumulation of relevant indications shall be considered a defect when any of the following
conditions exist:
(i) The aggregate length of indications above evaluation level exceeds 2 in. (50 mm) in any
12 in. (300 mm) length of weld;
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(ii) The aggregate length of indications above evaluation level exceeds 8 % of the weld
length.
8.6.3.2.Base Material Imperfections
Imperfections in the base material detected by ultrasonic testing shall be reported to the
company. the disposition of these imperfections shall be as directed by the company.
8.6.4. Acceptance criteria of ASME (2010) section XI for reactor pressure vessel
The acceptance criteria of the flaw found during in-service inspection (ISI) or pre-service
inspection (PSI) are governed by ASME code Section XI considering the structural integrity of
nuclear power plant.
8.6.4.1.Flaw characterization
(a)

The flaw detected during PSI/ISI examination shall be sized by the bounding rectangle
or square. The dimension of the flaw shall be determined by the size of rectangle or
square.

(i)

The length ‘l’ of the rectangle or one side of the square shall be drawn parallel to the
inside pressure retaining surface of the component;

(ii)

The depth of the rectangle or one side of the square shall be drawn normal to the inside
pressure retaining surface and denoted as ‘a’ for a surface flaw and ‘2a’ for a
subsurface flaw;

(iii) The aspect ratio of the flaw shall be defined as ‘a/l’. The aspect ratio shall not exceed
0.5.
(b)

Flaws shall be characterized in accordance with IWA-3310 through IWA-3390, as
applicable.

(c)

Clad thickness dimension may be taken from the manufacturer's drawings.

8.6.4.2.Surface planar flaws
An continuous indication shall be considered as a surface planar flaw if the detected area of the
flaw is oriented primarily in any single plane, other than parallel to the surface of the component
and any portion of the flaw penetrates a surface of the component.
A sub-surface indication shall be considered a surface flaw if any portion of the flaw is less
than 0.4d from the component surface nearest the flaw as shown in Figure 8.11.
Criteria for a surface flaw
(i)

Find 2d and S;

(ii)

Compare S and 0.4d. If S < 0.4d, consider this flaw as a surface flaw;

(iii)

a = 2d + S;

(iv)

Calculate ‘a/l’ and ‘a/t’;

(v)

Compare these values using acceptance criteria.
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FIG. 8.11. Surface planar flaws oriented in plane normal to pressure retaining surface.

8.6.4.3.Subsurface planar flaws
An continuous indication shall be considered to be a subsurface planar flaw if the detected area
of the flaw is oriented primarily in any single plane other than parallel to the surface of component
and if the distance ‘S’ from the flaw to the nearest surface of the component is equal to or more
than 0.4a as shown in Figure 8.12.
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FIG. 8.12. Subsurface planar flaws oriented in plane normal to
Pressure retaining surface.

Criteria for a subsurface flaw
(i)

Find 2a and S;

(ii)

Compare S and 0.4a;

(iii) If S  0.4a, consider this flaw as a subsurface flaw;
(iv) Calculate ‘a/l’ and a/t;
(v)

Calculate y which is y = S/a;

(vi) If y is greater than one, use y = 1. (y is flaw to surface proximity factor);
(vii) Compare these values using acceptance criteria.
8.6.4.4.Laminar flaws
Planar indications oriented within 10 degrees of a plane parallel to the surface of the component.
The area of a laminar flaw shall be 0.75 times the area of the square or rectangle that contains the
detected area of those flaws that either overlap or lie within a distance ‘S’ of 1 inch (25 mm).
8.6.4.5.Acceptance criteria
The acceptance criteria of flaws are determined according to the kind of components and flaw
shape. Table 8.4 shows an example for ultrasonic testing of flaws that can be found in
circumferential or longitudnal welds in a pressure vessel such as steam generator and
pressurizer.
Once ‘a/l’ and ‘a/t’ are determined, the acceptance criteria of the flaw can be easily decided.
TABLE 8.4. ALLOWABLE PLANAR FLAWS
Volumetric Examination Method, Nominal Wall Thickness, t, in. (mm)
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2 ½ (65) and less

4 (100) to 12 (300)

16 (400) and greater

Aspect
Ratio,1

Surface
Flaw

Subsurface
Flaw

Surface
Flaw,5

Subsurface
Flaw

Surface
Flaw

Subsurface
Flaw

a/l

a/t,%

a/t,%

a/t,%

a/t,%

a/t,%

a/t,%

1.4
1.5
1.7
1.9
2.1
2.5
2.9
3.3
3.8
3.9
4.0

1.5 y1.00
1.7 y0.91
19 y0.69
2.1y0.43
2.5 y0.45
2.8 y0.57
3.3 y0.75
3.8 y0.90
4.3 y1.00
4.9 Y1.00
5.6 y1.00

0.0
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50

3.1
3.3
3.6
4.1
4.7
5.5
6.4
7.4
8.3
8.5
8.7

1.00

3.4 y
3.8 y0.96
4 3 y0.72
4 g y0.48
5.7 y0.50
6.6 y0.65
7.8 y0.84
9.0 y0.99
10.5 y1.00
12.3 y1.00
14.3 y1.00

1.9
2.0
2.2
2.5
2.8
3.3
3.8
4.4
5.0
5.1
5.2

1.00

2.0 y
2.2 y0.90
2.5 y0.69
2.9 y0.47
3.3 y0.47
3.8 y0.61
4.4 y0.77
5.1 y0.93
5.8 y1.00
6.7 Y1.00
7.6 y1.00

TABLE 8.5. ALLOWABLE LAMINAR FLAWS

Components Thickness,1
t, in. (mm)
2.5 (65)
4 (100)
6 (150)
8 (200)
10 (250)
12 (300)
14 (350)
16 (400) and greater

Laminar Area,2
A, sq. in. (mm2)
7.5
(4 800)
12
(7 700)
18
(12 000)
24
(15 000)
30
(19 000)
36
(23 000)
42
(27 000)
52
(34 000)

8.7.RECORDING AND REPORTING THE RESULTS OF A TEST
8.7.1. The test report
The essential requirements of a good NDT report can be said to be its unambiguity and its
reproducibility. Therefore while preparing a format for a report all the variable factors that
affect the sensitivity of flaw detection for a particular NDT method should be kept in view. In
fact, in principle, the values of all these variable parameters should be fixed and noted in the
report form. It should be thoroughly considered whether all the desired information has been
given in the report such that using the report it would be possible to reconstruct the exact conditions of the test in case a repetition of the results is required or would the report help in exactly
locating the defective areas in the tested parts in case repairs were to be undertaken. We will
elaborate these points with an example of the ultrasonic testing and the reports for other NDT
methods can then be developed along similar lines.
The details of the type of specimen, its thickness, geometry and shape and the portion being
ultrasonically tested should be recorded in the report form. A unique identification number
should be allotted to each test and this should appear on the test specimen and in the report.
Preferably this number should be linked to the design drawing number. It is only with the help
of this identification number that parts can be rejected or repaired or inspections may be
repeated if desired.
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Applicable procedure which itself should have an independent number should be referred to in
the report.
The form of a report may be different, but to achieve the above mentioned objectives, it must
contain, clearly and concisely, the following information:
8.7.1.1.Identification
(i)

Date of the inspection;

(ii)

Time of the inspection;

(iii) Place of the inspection;
(iv) Customer for whom the work is done;
(v)

Inspector carrying out the work;

(vi) Component examined its serial number, description and material;
(vii) Code, specification or standards used.
8.7.1.2.Equipment
(i)

Flaw detector;

(ii)

Probes, with size, frequency and angle;

(iii) Calibration and reference blocks used;
(iv) Couplant.
8.7.1.3.Calibration
(i)

Sensitivity for all probes used;

(ii)

Time base/range for all probes used;

(iii) Attenuation and transfer corrections, where appropriate.
8.7.1.4.Technique
(i)

Scan modes (limits and coverage with each probe);

(ii)

Sizing method used;

(iii) Recording and reporting level used;
(iv) Limitations on inspection quality imposed by shape or situation of object, time or other
factors.
8.7.1.5.Results
(i)

Indications found;

(ii)

Scale drawing showing location and size of defects;

(iii) Relationship between defects found and acceptance standard.
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The report should be made in plain language. Technical terms should be used in their correct
sense and initials or abbreviations should only be used after they have been used once in
association with the full terms, for example, 3 mm diameter (3 mm dia) flat bottom hole (f.b.h.).
Results, that are shown in tabular form, or in scale drawings, are easier to follow than long written
descriptions.
8.7.2. Other records
In addition to the test report there are some more documents which form an important part of the
non-destructive testing process including ultrasonic testing. These are also directly linked to the
test report and are always needed whenever the report is to be verified, the tests are to be repeated
or for the purposes of quality audits. These records form an important requirement of the quality
assurance programme of the organization, and are a means to traceability.
The written and numbered procedure for executing the ultrasonic tests should be present in the
organization's records as well as with the persons doing the job. A procedure should include as a
minimum the following sections:
(i)

Procedure identification number and the date it was written;

(ii)

Scope;

(iii) Applicable documents;
(iv) Personnel;
(v)

Equipment/calibration/reference standards;

(vi) Identification and type of test object to which the procedure applies;
(vii) Test method;
(viii) Reporting levels/examinations;
(ix) Acceptance criteria;
(x)

Marking plan for the test object;

(xi) Reporting.
A written record of the calibration of the test equipment should be maintained. In case the
equipment needs periodic calibration the dates of present and next calibrations should be
identified. If the calibration has been carried out or checked by a specialist agency, its name
should be mentioned.
A documentary record of the qualifications and certification of all the persons involved in doing
NDT and writing and signing reports should be available and should be producible on demand.
The dates when the validation of certificates becomes due should be mentioned and properly
dated certificates of eyes tests of all the operators should be maintained. Evidence should also be
maintained on the training received and the education and work experience attained. In fact it
would be ideal if a mandatory log book for all the NDT personnel is maintained.
In brief, written documentation is the best way to traceability, reproducibility and ultimate
reliability of the tests and consequently the tested parts. In the case of NDT working procedures,
this will mean a comprehensive procedure written by a competent (suitably qualified) person, and
an inspection carried out by a suitably qualified operator reported accurately on an inspection
report form.
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9. CHAPTER 9.

SPECIAL TECHNIQUES

9.1.PHASSED ARRAY
Phased array can be defined as “An array (series) of transducer elements in which the timing of
the elements' excitation can be individually controlled to produce certain desired effects, such
as steering the beam axis or focusing the beam by constructive interference (phasing). A phased
array system as shown in Figure 9.1 includes a sophisticated computer-based instrument that is
capable of driving the multi element probe, receiving and digitizing the returning echoes, and
plotting that echo information in various standard formats.
Phased array beams are generated by pulsing the individual probe elements or groups of
elements in a particular pattern. Phased array instruments generate these patterns based on
information that has been entered by the user software known as a focal law calculator that
establishes specific delay times for firing each group of elements in order to generate the desired
beam shape through wave interaction, taking into account probe and wedge characteristics as
well as the geometry and acoustical properties of the test material as shown in Figure 9.2 and
9.3a and b. The programmed pulsing sequence selected by the instrument’s operating software,
then launches a number of individual wave fronts in the test material.
These wave fronts in turn combine constructively and destructively into a single primary wave
front that travels through the test material and reflects off cracks, discontinuities, back walls,
and other material boundaries as with any conventional ultrasonic wave. The beam can be
dynamically steered through various angles, focal distances, and focal spot sizes in such a way
that a single probe assembly is capable of examining the test material across a range of different
perspectives. This beam steering happens very quickly, so that a scan from multiple angles or
with multiple focal depths can be performed in a fraction of a second.

FIG. 9.1. Phased Array System.

FIG. 9.2. Time delays for focusing of phased linear array.
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a)

b)

Focused normal beam

Focused transverse wave

FIG. 9.3. Schematic time delays (histograms).

Because phasing technology permits electronic beam shaping and steering, it is possible to
generate a vast number of different ultrasonic beam profiles from a single probe assembly, and
this beam steering can be dynamically programmed to create electronic scans:
This enables the following capabilities:
(i)

Software control of beam angle, focal distance, and beam spot size. These parameters
can be dynamically scanned at each inspection point to optimize incident angle and
signal-to-noise for each part geometry;

(ii)

Multiple-angle inspection can be performed with a single, small, multi-element probe
and wedge, offering either single fixed angles or a scan through a range of angles;

(iii) These capabilities provide greater flexibility for inspection of complex geometries and
tests in which part geometry limits access;
(iv) Multiplexing across many elements allows motionless high-speed scans from a single
transducer
position. More than one scan may be performed from a single location
with various inspection angles.
9.1.1.

Phased Array Scanning patterns and Imaging Views

Reliable defect detection and sizing is based on scan patterns and specific functional
combinations between the scanner and the phased array beam.
(a) Automated: the probe carrier is moved by a motor-controlled drive unit;
(b) Manual (or time-based, sometimes called free running): the phased array probe is
moved by hand and data is saved, based on acquisition time(s), or data is not saved;
(c) Semi-automated: the probe carrier is moved by hand or by using a hand scanner, but
the movement is encoded and data collected.
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9.1.1.1.Scanning Pattern
The probe carrier may be moved in many inspection sequences but we will discuss only linear
scan.
Linear Scan
A linear scan is a one-axis scanning sequence using only one position encoder (either scan or
index) to determine the position of the acquisition. The linear scan is unidimensional and
proceeds along a linear path. The only settings that must be provided are the speed, the limits
along the scan axis, and the spacing between acquisitions (which may depend on the encoder
resolution).
Linear scans are frequently used for such applications as weld inspections and corrosion
mapping. Linear scans with electronic scanning are typically an order of magnitude faster than
equivalent conventional ultrasonic raster scans. During the linear scan, phased array probe emits
either electronic scan, S-scan or multiple scan. Depending on the instrument and setup, more
than one scan can be performed simultaneously.
9.1.2.

Ultrasonic Views (Scans)

Ultrasonic views are images defined by different plane views between the ultrasonic path (UT
path) and scanning parameters (scan or index axis). The most important views, similar to 2-D
projections of a technical drawing, are presented in Figure 9.4.

FIG. 9.4. Different scan views.

These projection views are a plan or cumulated plans coming from C-scans, B-scans, and Dscans; the projection views are also called “top, side, and end” views. If the probe skew angle
is 0° (or 180°), the side view (B-scan) will become the end view (D-scan), and vice versa. The
B-scan is defined by the depth and probe movement axes. The D-scan is defined by the depth
and the electronic scan axis. Some detail of commonly used scan views are given below.
9.1.2.1.A-Scan
An A-scan, also called as wave form is a representation (view) of the received ultrasonic pulse
amplitude (% full-screen height, or % FSH) versus time of flight (TOF—in microseconds) or
ultrasonic path (UT path),. A-scan can be displayed as an RF (radio-frequency) or bipolarrectified signal Figure 9.5. Colour encoding of the rectified A-scan signal amplitude Figure 9.6
adds another dimension and makes it possible to link the probe movement coordinates (or the
acquisition time) with the ultrasonic data as color-encoded amplitude for different options based
on colour palette threshold definition.
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FIG. 9.5. A-scan representation: RF signal (left)
rectified A-scan signal used to create B-scan

FIG. 9.6. Example of a color-encoded
rectified (right).

9.1.2.2.B-Scans
When motion is added to the display several options exist. When time is displayed along one
axis and probe position, as moved over the test surface, along the other, a B- scan is generated.
The amount of time displayed is determined by the length of gate used to collect information.
Intensity or colour may be used to indicate amplitude and phase (if RF signals are collected).
There are two types of B Scans i.e. Single value B-scan and cross-sectional B-scan Figure 9.7

FIG. 9.7. (left) Single value B-scan (right) cross-sectional B.

9.1.2.3.C-Scan
A C-scan is a 2-D view of ultrasonic data displayed as a top or plan view of the test specimen.
One of the axes is the scan axis; the other is the index axis. With conventional ultrasonic
systems, both axes are mechanical; with linear phased arrays, one axis is mechanical, the other
is electronic. The position of the displayed data is related to the encoder positions during
acquisition. Only the maximum amplitude for each point (pixel) is projected on this “scanindex” plan view, technically known as a C-scan Figure 9.8.
9.1.2.4.S-Scan
Of all imaging modes discussed so far, the S-scan is unique to phased array equipment. The
image presentation is a cross-sectional picture of the inspected area of the test piece. Two main
forms are typically used. The most familiar, very common in medical imaging, uses a zerodegree interface wedge to steer longitudinal waves, creating a pie-shaped image showing
laminar and slightly angled defects Figure 9.9.
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FIG. 9.8. Example of top (C-scan) view of a weld.

FIG. 9.9. (left) Longitudinal wave S-scan of 1.5mm SDH of V1 block(right) Shear wave S-scan of weld.

The second format employs a plastic wedge to increase the incident beam angle for generation
of shear waves, most commonly in the refracted angle range of 30 to 70 degrees. This technique
is similar to conventional angle beam inspection, except that the beam sweeps through a range
of angles rather than a just single fixed angle determined by a wedge.
9.1.2.5.Combined Image Formats
Phased array images are powerful in their ability to provide real-time visualization of
volumetric data. Through the electronic scanning process, imaging truly becomes real-time and
is used in both manual and automated systems to increase probability of detection. Especially
in automated and more capable phased array instruments, the ability to display multiple image
types and store complete raw waveform information for the entire inspection results. Because
all the ultrasonic waveform data is collected, this post-analysis enables the reconstruction of
sectorial scans, C-scans, and/or B-scans with corresponding A-scan information at any
inspection location. For example, the screen in Figure 9.10 simultaneously displays the rectified
A-scan waveform, a sector scan, and a planar C-scan image of the weld profile.
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FIG. 9.10. Combined PA images of weld inspection.

9.1.2.6.D-Scan
A D-scan is a 2-D graphical presentation of the data. It is similar to the B-scan, but the view is
at right angles to the B-scan. If the B-scan is a side view, then the D-scan is an end view, and
vice-versa.
9.1.3.

Phased Array Applications and Limitations

The phased array ultrasonic technology for NDT (non destructive testing) use was initially
triggered by the following power generation inspection problems:
(i)

The need to detect cracks located at different depths with random orientations using
the same probe in a fixed position;

(ii)

The requirement to improve SNR (signal-to-noise ratio) and sizing capability for
dissimilar metal welds and centrifugal-cast stainless steel welds;

(iii) The requirement to increase the scanner reliability;
(iv) Increased accessibility requirements for difficult-to-reach PWR/BWR (pressurized
water reactor / boiling water reactor) components;
(v)

Decreased setup and inspection time (productivity);

(vi) Detection and sizing of small SCC (stress corrosion cracking) in turbine components
with complex geometries;
(vii) A requirement to decrease the amount of radiation the personnel is exposed to a
requirement to increase the accuracy in detection, sizing, location, and orientation of
critical defects, regardless of their orientation;
(viii) The need to provide a quantitative, easy-to-interpret report for fitness for purpose (also
called “engineering critical assessment or life assessment/disposition-inspection
interval strategy”).
Industries such as aerospace, defense, petrochemical, and manufacturing required similar
improvements, though specific requirements vary for each industry application. A number of
applications include austenitic weld inspections, turbine root inspections, Butt weld inspections,
T-weld inspections of bridge structures. hydrogen induced crack, flange corrosion under gasket,
nozzle inspections, bridge bolt inspections, spindle/shaft inspections, thread inspections,
landing gear inspections and laser weld inspections etc.

304

9.1.3.1.Limitations
Phased array UT is just another inspection technique for assessing the integrity of materials
using ultrasonic waves. Many of the inherent detection and sizing limitations of standard UT
methods are also applicable to phased array UT. Phased array UT results depend on decisions
based on the “human factor.” Training and certifying the technicians, analysts, and the
engineers, in advanced phased array UT, is one of the most important tasks in the phased array
UT reliability chain.
9.2.TIME OF FLIGHT DIFFRACTION
TOFD is currently the most promising ultrasonic technique for the examination of welds on
pressure vessels in lieu of radiography, for pipe weld quality, crack detection, and weld root
erosion. TOFD is a computerized ultrasonic system able to scan, store, and evaluate indications
in terms of height (through wall thickness), length and position, with a high degree of accuracy
and speed.
The diffraction is based on Huygen’s principal. The incoming wave vibrates the defect. Each
point of the defect generates new elementary spherical waves called diffraction as shown in the
Figure 9.11a.

FIG. 9.11a. Diffraction.

When a sound wave strike the defect it causes oscillation. The ends of the defect become the
point sources. The diffracted wave from the defect tip travels in all directions. These waves are
low in energy but independent of incident angle. Sharp defects are best emitter of diffracted
waves.
9.2.1.

Principle of operation

Measuring the amplitude of reflected signal is a relatively unreliable method of sizing defects
because the amplitude strongly depends on the orientation of the crack. Instead of amplitude,
TOFD uses the time of flight of an ultrasonic pulse to determine the position of a reflector.
The basic configuration for TOFD (Time of Flight Diffraction) technique as shown in the Figure
9.11b consists of a separate ultrasonic transmitter and receiver. After emission of a
compressional wave from a transmitter, the first signal to arrive at the receiver is lateral wave
through upper surface.

305

In the absence of defects, the second signal to arrive at the receiver is the backwall echo. The
diffracted signal generated at the upper tip of a defect will arrive before the signal generated at
the lower tip of a defect.

FIG. 9.11b. Principal of TOFD.

FIG. 9.12. Typical TOFD display.

TOFD data is routinely displayed as grayscale image of the digitized A-scan Figure 9.12 shows
a typical display. These images are generated by stacking of grayscale transformed A-scans.
The grayscale images display phase changes, some signals are white-black-white, others are
black-white black. Depending on the phase of the incident pulse, the lateral wave would be
positive, the first diffracted (upper tip) signal negative, the second diffracted (lower tip) signal
positive and the backwall signal negative as shown in Figure 9.11b. This phase information is
used for signal interpretation that is why RF signals are used for TOFD.
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9.2.2.

Typical TOFD Scans:

Two types of scans used in TOFD.
(i)

Non Parallel Scan;

(ii)

Parallel Scan.

9.2.2.1.Non Parallel Scan
In non parallel scan the ultrasonic beam is perpendicular to the scan axis. This is the most
common scan in TOFD.

FIG.9.13. Non Parallel Scan.

Application of Non Parallel Scan
(i)

Locate flaws;

(ii)

Determine depth;

(iii) Determine length in scan axis;
(iv) Not the highest precision for through height measurement;
(v)

Rapid, easiest to employ, especially with weld caps;

(vi) Probes usually centered around area of interest in index axis-weld etc.
9.2.2.2.Parallel Scan
In the parallel scan the ultrasonic beam is parallel to the scan axis.
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FIG.9.14. Parallel scan
Application of Parallel Scan
(i)

Precision through height determination;

(ii)

Width assessment;

(iii) Determine lateral positioning (amplitude will be greatest when the flaw is directly
centre of probes).
9.2.2.3.Others Types of Scans
The other scans used are double skip scan and off-axis scan for different applications.

FIG.9.15. shows the image generation, scan pattern, wave form and TOFD display of a spherical flaw.

Advantages of TOFD
(a)

Permanent data recording with B-scan type imaging (side view);

(b)

Accurate sizing capability (height)-through-wall height;

(c)

Technique allows for rapid scanning;

(d)

Detection and sizing almost orientation independent;

(e)

Based on TOF so avoid common amplitude technique sizing errors;

(f)

TOFD has a potential through-wall dimension accuracy of ±1 mm;
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(g)

Setup virtually independent of weld configuration;

(h)

Wide coverage area.

Applications of TOFD
(a)

The main TOFD applications are:

(b)

In-service defect monitoring;

(c)

Defect detection, documentation and evaluation during the production.

Limitation of TOFD
(a)

The dead zone under the outside surface has always been a limitation of TOFD. Defects
close to the surface could not be detected (surface breaking cracks are detectable);

(b)

Off axis flaw at the backwall can be missed;

(c)

Sensitive to grain and electrical noise;

(d)

Parent metal indications can be perceived as weld indications.

9.3.ULTRASONIC GUIDED WAVE
Compared to ultrasonic bulk waves that travel in infinite media with no boundary influence,
guided waves require a structural boundary for propagation.
Natural waveguides include plates (such as aircraft skin), rods (rails, cylinders, square rods),
hollow cylinder (pipes, tubing), multilayer structures, curved or flat surfaces on a half space
and one or more layers on a half space. Most structures are natural wave guides provided the
wavelengths are large enough with respect to dimensions in the wave guide. One very
interesting difference, of many, associated with guided waves, is that many different wave
velocity values can be obtained as a function of frequency whereas, for most practical bulk
wave propagation, wave velocity is independent of frequency.
To understand how guided waves are developed in a wave guide, imagine many bulk waves
bouncing back and forth inside a wave guide with mode conversions between longitudinal and
transverse constantly taking place at each boundary. The resulting superimposed wave form
traveling along the wave guide is just a sum of all of these waves including amplitude and phase
information. The outcome can strongly depend on frequency and incidence wave angles of
propagation inside the structure. The strongly superimposed results are actually points that end
up on the phase velocity dispersion curve for the structure. Elsewhere is strong cancellation. To
solve for the points on the dispersion curve, either a partial wave summation process could
account for all reflections and mode conversions or an appropriate boundary value problem in
wave propagation can be solved.
The principal benefits of guided waves can be summarized as follows:
(a)

Inspection over long distances from a single probe position is possible, giving
complete volumetric coverage of the test object;
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(b)

There is no need for scanning all of the data are acquired from a single probe position;

(c)

Have, greater sensitivity than that obtained in conventional normal beam ultrasonic
testing;

(d)

There is ability to inspect hidden structures, e.g. under water, in concrete or buried
pipes;

(e)

Cost effective because of high speed.

FIG. 9.16. Ultrasonic Guided Wave Type
Surface Wave, b) Lamb Wave and d) Stonly Wave.

9.4.SYNTHETIC APERTURE FOCUSING TECHNIQUE (SAFT-UT)
The Synthetic Aperture Focusing Technique (SAFT) refers to a process in which the focal
properties of a large aperture focused search unit are synthetically generated from data collected
while scanning over a large area using a small search unit with a divergent sound beam. The
processing required to focus this collection of data is a three-dimensional process called beamforming, coherent summation, or synthetic aperture processing. The SAFT-UT process offers
an inherent advantage over physical focusing processes because the resulting image is a full
volume, focused characterization of the material volume being examined. Traditional physical
focusing processes provide focused data over only the depth of the focus zone of the transducer.
For the typical pulse-echo data collection scheme used with SAFT-UT, a focused search unit is
positioned with the focal point located at the surface of the material under examination. This
configuration produces a divergent ultrasonic beam in the material. Alternatively, a smalldiameter contact search unit may be used to generate a divergent beam. As the search unit is
scanned over the surface of the material, the A-scan record (RF waveform) is digitized for each
position of the search unit. Any reflector present produces a collection of echoes in the A-scan
records. For an elementary single-point reflector, the collection of echoes will form a hyperbolic
surface within the data-set volume. The shape of the hyperboloid is determined by the depth of
the reflector and the velocity of sound in the material. The relationship between echo location
in the series of A-scans and the actual location of reflectors within the material makes it possible
to reconstruct a high-resolution image that has a high signal-to-noise ratio. Two separate SAFTUT configurations are possible: (i) the single transducer, pulse-echo configuration; and (ii) the
dual transducer, tandem configuration (TSAFT).
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In the SAFT-UT it is required that the acoustic velocity be constant throughout the volume i.e.
it is possible with isotropic homogenous materials.
9.5.LINE-SYNTHETIC APERTURE FOCUSING TECHNIQUE (L-SAFT)
The Line Synthetic Aperture Focusing Technique (L-SAFT) is useful for analyzing detected
indications. L-SAFT is a two-dimensional process in which the focal properties of a largeaperture, linearly focused search unit are synthetically generated from data collected over a scan
line using a small search unit with a diverging sound beam. The processing required to impose
a focusing effect of the acquired data is also called synthetic aperture processing. The L-SAFT
system can be operated like conventional UT equipment for data recording. It will function with
either single- or dual-element transducers.
Analysis measurements, in general, are performed to determine flaw size, volume, location, and
configuration. To decide if the flaw is a crack or volumetric, the crack tip-diffraction is used,
or the super imposed image of two measurements made using different directions of incidence
can be used.
The difference between L-SAFT and SAFT-UT is that the later provides a higher resolution
image than can be obtained with L-SAFT.
9.6.AIR COUPLED ACOUSTIC MEASUREMENTS
While the majority of ultrasonic tests are performed with liquid couplants or immersion in
water, there is an increasing need for tests without conventional couplants. Air coupling is
considered for applications where liquid may damage the test material or when the cost of
couplant removal is excessive. In tests of large surface areas or high scanning speeds, direct
contact with the test object typically results in severe transducer wear, failure and costly
operation of the equipment. Air coupled ultrasonic techniques provide an alternative means for
resolving these problems.
The key element in successful air coupled applications is a sensitive, well damped transducer.
Focal spots less than 0.13 mm (0.05 in.) are commonly available. Focusing can be achieved
with a spherically ground active element or with a cast epoxy lens. Small beam diameters and
long focal lengths allow the ultrasound to be directed to accommodate geometric variations, to
scan small surface areas and to evaluate contours inappropriate for non-focused units.
There are different kinds of transducers specially developed for the purposes of testing through
air. There are the bimorphic, electrostatic, piezoelectric and ceramic types each developed for
specialized applications.
The acoustic impedance of air is extremely low and therefore air cannot support mechanical
vibrations. This value for the impedance of air is the source of the difficulty in coupling and
exciting high frequency waves in air.
One way to overcome this difficulty is to use what is known as matching layers between the
transducer and the air. Because of the impedance mismatch, large stresses are set up in matching
layer leading to large attenuation. A design with multiple matching layers is preferred because
the stress fields set up in the matching layers are weaker and the influence of attenuation in each
matching layer is reduced. It is generally necessary to have materials of low impedance and low
attenuation for matching layers.
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It may be noted that air coupled ultrasound cannot universally perform the volumetric nondestructive tests conducted with conventional ultrasonic techniques. Instead, air coupling
extends the capabilities of the acoustic methods. Because of the acoustic impedance mismatch
of air and test materials, airborne vibrations are usually difficult to introduce into a test object.
This causes the reflection of most of the transmitted energy (particularly during tests of dense
materials such as metals) and relegates a majority of air coupled applications to external
measurements. Volumetric (internal) air coupled tests are typically limited to low density
materials such as wood, rubber, particle board, paper or non-metallic composites. In such
materials, the acoustic impedance is lower and the resulting transmission coefficient is much
greater than those for high density materials. Equipment designed for a wide range of test
frequencies is commercially available and may be considered a reliable alternative for tests
conventionally performed with mechanical gauging systems. Air coupling is extending its range
of application as a means of accurate sensing and guidance for robotic applications using high
speed data acquisition rates.
Air coupled thickness measurements (or ranging) can be performed from distances as close as
75 mm (3 in.). For such tests, the axial resolution measurement accuracy is of the order of 0.025
mm (0.001 in.). Beyond 750 mm (30 in.), the resolution deteriorates to 0.25 mm (0.01 in.). Such
techniques are often used to check the level of liquids or the level of granules in storage bins,
to measure plate and film thickness, to profile surface or to detect the presence of components.
Counting, sorting and sensing techniques are based on the principles of precise distance
measurement.
Thickness measurements are made with two transducers directed at opposite sides of the test
object. By independently using the measurement techniques described above, the spacing
between the transducers and the reflecting surfaces can be measured. These measurements are
then subtracted from the distance between the two transducers to determine the section
thickness.
The procedures used to set up such measurements must consider the thickness of the lens
material, electronic delays and other sources of possible error. For example, a dial indicator
reading between the transducer and the test object may not agree with the instrument distance
reading and, therefore, a step gauge is used as the most reliable way of setting up the procedure.
If tight tolerances are required, high frequency focused transducers are recommended. This
technique provides a contactless measurement to an accuracy of at least 0.05 mm (0.002 in.)
under production conditions. These measurements can be acquired at great speeds providing
300 to 500 measurements per second. This exceeds the speed of optical techniques by a factor
of two, at a cost of 10 to 20 percent of optical systems.
Ultrasonic testing of tyre carcasses before recapping has been successfully demonstrated. The
technique uses a transmission approach and an array of sensors to cover all of the critical areas.
This air coupled test has been used on tires ranging from automobile tires to aircraft tires
containing a high number of piles (up to 32).
In conventional ultrasonic tests, immersion techniques, squirters or wheel transducers are used
to perform area scanning and to produce C-scans. Air coupled ultrasonics can also be used for
such applications. The rate of data acquisition (300 times per second) permits high speed area
scanning and recording.
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Ultrasonic air coupled systems are affected by air turbulence and temperature. Similarly
ambient air pressure and humidity may also modify test results. An effective method of
compensating for these factors is to use a second transducer exposed to the same environmental
conditions as the transducer used for making the measurement. The second transducer and
associated instrumentation periodically monitors the conditions by measuring a calibrated
distance (such as a step block), determining the air current velocity and automatically
recalibrating the measuring channel with accurate data.
Some of the applications of air coupled transducers are shown in Figure 9.17 and 9.18.

FIG. 9.17. Air coupled ultrasonic test set-up for wood product panel
a)Good board, b) Board with lateral discontinuity.

FIG. 18. Air coupled arrangement for rail track test.

9.7.ACOUSTIC HOLOGRAPHY
Acoustic or ultrasonic holography is a technique used to form an optical image of an ultrasonic
field. An ultrasonic hologram is made in a way similar to an optical hologram, ultrasonic waves
simply take the place of light waves in the illumination beam and the reference beam. The
hologram is produced by action of the interfering ultrasound beams impinging on the water
surface of a ripple tank to produce a steady-state ripple pattern, the hologram. This may be
photographed (under appropriate illumination) to give a permanent hologram from which the
image can be reconstructed and made visible by illumination with a visible light laser beam.
In the case of ultrasonic holography, sound waves replace the laser fight and generation of a
hologram is easy because ultrasonic waves generated by a piezoelectric transmitter are
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coherent. In fact, two different transmitters energised by the same generator also give coherent
ultrasonic waves.
There are several methods of generating the ultrasonic hologram and of reconstructing the
image. In the relief method, the two transmitters are powered by the same generator and one
beam penetrates the object, so generating the object wave, while the other forms the reference
wave Figure 9.19. The hologram is produced by ripples on the surface as produced by the local
sound radiation pressure and optical illumination is made using a laser. In this case the hologram
is a phase hologram, which by reflecting the laser light can reconstruct an optical object wave
by diffraction, the non-diffracted light being suppressed. Though the quality of the resulting
image is not bad, the method has not found many applications because of the rapid development
of other methods which use piezoelectric scanning.
In the acoustics field, phase-sensitive receivers are readily available in the form of standard
piezoelectric transducers which co llect all necessary information concerning amplitude and
phase.

FIG. 9.19. Acoustic holography in real time.

9.8.ACOUSTIC MICROSCOPY
Acoustic microscopy is a general term applied to high resolution, high frequency ultrasonic
testing techniques that produce images of features beneath the surface of a test object. Because
ultrasonic energy requires continuity to propagate, discontinuities such as voids, inclusions,
delaminations and cracks can interfere with the transmission or reflection of ultrasonic signals.
Conventional ultrasound techniques operate between 1 and 10 MHz. Acoustic microscopes
operate up to and beyond 1 GHz, where the wavelength is very short and the resolution
correspondingly high. Acoustic microscopy comprises three distinct methods:
(i)

scanning laser acoustic microscopy (SLAM);

(ii)

C-mode scanning acoustic microscopy (C-SAM);

(iii) Scanning acoustic microscopy (SAM). Each of these methods has a specific range of
applications and most often the methods are not competitive (only one method is best
suited to a particular testing problem).
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Acoustic microscopes have been especially useful in solving problems with new materials and
components not previously available.
In scanning laser acoustic microscopy, a collimated plane wave of ultrasound at frequencies up
to several hundred megahertz is produced by a piezoelectric transducer located beneath the test
object Figure 9.20 and 9.21. Because this ultrasound cannot travel through air (making it an
excellent tool for crack, void and disbond detection), a fluid couplant is used to bring the
ultrasound to the test object. Distilled water, spectrophotometric grade alcohol or other more
inert fluids can be used, depending on user concerns for test object contamination. When the
ultrasound travels through the test object, the wave is affected by the homogeneity of the
material. Wherever there are anomalies, the ultrasound is differentially attenuated and the
resulting image reveals characteristic light and dark features, corresponding to the localized
acoustic properties of the test object. Multiple views can be made to determine the specific
depth of a discontinuity, as is performed by stereoscopy.
A laser beam is used as an ultrasound detector by sensing the infinitesimal displacements
(rippling) at the surface of the test object created by the ultrasound. In typical test objects, that
do not have polished, optically reflective surfaces, a mirrored plastic block or coverslip is placed
close to the surface and is acoustically coupled by fluid. The laser is focused onto the bottom
surface of the coverslip, which has an acoustic pattern that corresponds to the test object surface.
By rapid sweeping of the laser beam, images are produced in real-time (30 images per second)
and are displayed on a high resolution monitor. In contrast to less accurate uses of the term
realtime, the scanning laser acoustic microscope can be used to observe events as they occur,
for example, a crack propagating under an applied load.

FIG. 9.20.Simplified view of the methods for producing acoustic images with the scanning laser acoustic microscope
a)through transmission mode, b)non collinear reflection mode.
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FIG. 9.21. Principal components of a scanning laser acoustic microscope.

The simplest geometries for scanning laser acoustic microscopic imaging are flat plates or disks.
However, with proper fixturing, complex shapes and large test objects can also be
accommodated. For example, tiny hybrid electronic components, large metal plates (250 mm
or 10 in. square), aircraft turbine blades and ceramic engine cylinder liner tubes have been tested
with scanning laser acoustic microscopy.
The C-mode scanning acoustic microscope is primarily a pulse echo (reflection) microscope
that generates images by mechanically scanning a transducer in a raster pattern over the test
object. A focused spot of ultrasound is generated by an acoustic lens assembly at frequencies
typically ranging from 10 to 100 MHz. The ultrasound is brought to the test object by a coupling
medium, usually water or an inert fluid. The angle of the rays from the lens is generally kept
small so that the incident ultrasound does not exceed the critical angle of reflection between the
fluid coupling and the solid test object. Note that the focal distance into the test object is
shortened considerably by the liquid/solid refraction.
The transducer alternately acts as sender and receiver, being electronically switched between
the transmit and receive modes. A very short acoustic pulse enters the test object and return
echoes are produced at the object surface and at specific interfaces within the test material. The
pulse return times are a function of the distance from the interface to the transducer. An
oscilloscope display of the echo pattern (an A-scan) clearly shows these levels and their timedistance relationships from the test object surface. This response provides a basis for
investigating anomalies at specific levels within a test object. An electronic gate selects
information from a specified level while it excludes all other echoes. The gated echo brightens
a spot on a cathode ray tube displaying the C-scan.
The CRT beam follows the transducer position and is brightened by signals in the gate. Older,
conventional C-scan instruments produce mono amplitude output on thermal paper when a
signal exceeds an operator selected threshold. By comparison, the output of the C-SAM is
displayed in full grey scale (the gray level is proportional to the amplitude of the interface
signal). The grey scale can be converted into false colour and the images can be colour coded
with echo polarity information. The colour coded enhanced microscope is further differentiated
from conventional C-scan equipment by the speed of the scan. Here, the transducer is positioned
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by a very fast mechanical scanner that produces images in tens of seconds for typical scan areas
of the size of an integrated circuit.
The scanning acoustic microscope is primarily a reflection microscope that generates very high
resolution images of surface and near surface features by mechanically scanning a transducer
in a raster pattern over the test object Figure 9.22. In the normal mode, an image is generated
from echo amplitude data over an X,Y scanned field of view. As with SLAM, a transmission
interference mode can be configured for velocity of sound measurements. In contrast to CSAM, a more highly focused spot of ultrasound is generated by a very wide-angle acoustic lens
assembly at frequencies typically ranging from 100 to 2,000 MHz. The angle of the sound rays
is well beyond the critical cut-off angle, so that there is essentially no wave propagation into
the material.

FIG. 9.22. Diagram of a C-mode scanning acoustic microscope with a high speed mechanical scanner and an acoustic
impedance detector to produce high resolution C-Scan images.

Applications of acoustic microscopy include the study of composite and polymer materials at
the microscopic level. Ceramic materials such as silicon nitride, silicon carbide, aluminium
oxide and zirconia, etc. are used in electronics and are also being studied for combustion engine
applications. Acoustic microscopy is used to detect small discontinuities that may contribute to
localized stress concentrations which are very critical to structural integrity. Acoustic
microscopy can be used for non-destructive testing and metallographic analysis of metals. In
typical microscopy and metallography, it is necessary to polish and etch a test object to reveal
the micro structural pattern. With scanning acoustic microscopy, this may not be necessary.
Microelectronic components and integrated circuits can be studied for electrical connections
and bonding.
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FIG. 9.23.Diagram of a reflective scanning acoustic microscope that uses mechanical scanning of highly focused transducer
to test an object’s surface at high magnification.

9.9.DETECTION OF INTERGRANULAR STRESS-CORROSION CRACKING
Many of the high strength alloys, unfortunately, are highly susceptible to stress-corrosion
cracking. Stress-corrosion cracking may occur at stress levels far below the nominal strength
of the material, and may proceed at a rate order of magnitude faster than the usual rate of
corrosion in the absence of mechanical stress. Intergranular stress-corrosion cracking typically
occurs near welds or in their heat-affected zones. These are branched, tightly and irregularly
shaped cracks. Generally these cracks are poor reflectors of ultrasonic waves and may be
difficult to detect. Part of the reason for this is that the echo signals from cracks are hard to
separate from the weld signals. Also, ultrasonic waves can be distorted to give an echo that
looks like a crack echo but is not. In addition, the environment may be difficult to work in,
specially in case of inspection of nuclear reactor pressure vessels and primary piping in which
high radiation fields, high humidity, elevated temperatures and high pressures are common.
Both manual and automated methods of ultrasonic testing are employed for the detection of
intergranular stress-corrosion cracking. Using the manual method and testing through the base
metal, an inspector uses a typical 45° angle beam probe operating in a frequency range of 0.5
to 5 MHz and observing the A-scan echoes on the screen. Couplants must be certified for total
sulfur and halogen content in accordance with ASTM D-129 and D-808. Calibration blocks
should reproduce as closely as possible the geometry and microstructure of tested components.
It has been found that the probability of detecting and correctly interpreting the crack signals is
of the order of 70 to 80% for manual inspection. An advanced computer system may be used
to assist in manual testing.
Automation could improve the repeatability of ultrasonic test results while reducing radiation
exposure in case of inspecting nuclear pressure vessels for detection of stress-corrosion
cracking. In a semi-automated system, scanning is done manually. A computer is used to
monitor, position and to analyze and present the ultrasonic data. In a fully automated system,
the scanning is also under computer control. A semi-automated system is smaller and can be
used in areas too small for a fully automated system. All automated systems provide an A-scan
display and integrate the transducer position with the maximum amplitude to permit B-scan and
C-scan displays. Colour or grey scale images of an anomaly are presented and in some systems
the radio frequency signal can be stored in memory. Displays in three dimensions are possible,
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as well as temporal signal averaging, pattern recognition, ultrasonic holography, synthetic
aperture focusing and artificial intelligence. However, the overall effectiveness of every
automated system is dependent primarily on the quality and design of the transducer.
Having detected the stress-corrosion cracks, it is important to find their characteristics of size,
depth and orientation. The conventional methods of 6 dB and 20 dB are not found to be
satisfactory and, therefore, usually the crack tip echo method, which is more accurate, is
employed. A four part procedure for flaw size determination is outlined here. The first step is
to establish whether the crack is more than 50 percent through-wall. Both the high angle
longitudinal wave and full-V path comer reflection technique are used for this. If neither
technique shows that the crack is deep, then the crack tip diffraction and half-V path techniques
are used. A multimode method, in which both launched and mode converted longitudinal and
shear waves are used to interrogate the discontinuity should be used to verify results. Depths
should be determined at several places along the crack length. The high angle longitudinal wave
method of sizing is useful only for deep discontinuities (greater than 50 percent through-wall).
This method relies on high angle longitudinal waves reflected from the tip of the discontinuity
or from deep parts of the discontinuity. The time of flight is used to calculate the remaining
ligament. Calibration of each transducer used for this type of testing is critical, since a
successful measurement depends on the use of properly designed and characterized transducers.
The presence of shear waves at about 30 degrees, reflecting off the inner wall, complicates the
analysis of the echo pattern. In the full-V method, an echo is searched for at the full-V path (if
the crack is nearly through-wall, a full-V path echo should be evident).
In the crack tip diffraction method, a low amplitude reflection from the tip of the discontinuity
is sought. By comparing the arrival times of the tip diffracted signal and the comer reflection,
the depth of the discontinuity can be established. The difficulty with this method is that the
crack tip signal can be easily missed because of its low amplitude.
Since the process of stress-corrosion cracking is limited to the surface of the metal, it is natural
to apply surface wave methods for detection. In fact, first the correlation between the cracks
and the rate of attenuation of surface waves can be developed. Then the cracks can be detected
by pulse echo method.
9.10. IN-SERVICE INSPECTION
In non-destructive testing the research and development efforts of the late 1960s and early
1970s concentrated on remote mechanized equipment and conventional testing methods,
principally ultrasonics, for in-service testing. Ultrasonics has become a widely used tool not
only for detection of discontinuities but also for characterization and evaluation of discontinuity
type and size. This change in emphasis from detection to characterization came about because
of an interest in estimating the remaining service life of systems and components. The change
paralleled the development of fracture mechanics and other life management disciplines which
require quantitative information about the severity of discontinuities. The principal reason for
in-service tests of systems and components is to increase their reliability, availability and safety.
The regulatory reason for in-service testing is to ensure that systems and components are
maintained in a safe condition during service. The components are inspected and if unflawed,
returned to service. The return to service interval is determined by a fracture mechanics
calculation of critical size as well as the crack growth rate. If the crack is less than the detection
threshold, the component is returned to service. This procedure is repeated until a crack of the
critical or greater size is detected, at which time the component is retired. When a defect is

319

detected by non-destructive testing, it becomes a matter of importance to evaluate it in relation
to the strength of the material in which the defect is detected. This evaluation can be made by
utilizing the fracture mechanic analysis. This can also help in deciding the interval between
various in-service as well as maintenance schedules.
For both types of test, production and in-service, mechanized scanning of highly stressed parts
is often necessary. In most cases, however, it will not be possible to use the results of production
testing as a basis for the later in-service test because then other criteria apply and also because
scanning equipment has to be specially designed for use on site, for example, in power stations.
The first or pre-service inspection has, therefore, to be performed on the piece in the ready-foruse condition, i.e. at a time when the piece after having been accepted on the basis of production
tests, has not yet been affected by its conditions of service. This pre-service test, also called the
finger-print inspection, forms the basis for later in-service inspections since they can all be
evaluated by comparison with it In-service tests using ultrasonics are also carried out for
detection of intergranular stress-corrosion cracking in pipes for creep detection in steam lines,
super heater tubes and turbine components; measurement of hydrogen damage produced in
steels exposed to a high hydrogen environment at high temperatures; testing of long, narrow
cylindrical objects such as bolts, studs, valve stems or pump shafts; testing of turbine disk rims
for intergranular stress-corrosion cracking; inspection of keyways for stress-corrosion and
fatigue cracking; testing of vehicular axle housing seam welds; testing of expansion bellows;
underwater thickness measurements; detection of failed fuel elements in nuclear reactor fuel
assemblies and inspection of composite structures in aircrafts.
Because of the very high safety demands for nuclear power stations, all components of the
primary circuit, which include reactor pressure vessel, steam generator, pressure regulator and
connecting pipes, have to undergo several detailed ultrasonic tests. Before the plant is put into
service, the so-called zero test or "fingerprint" inspection is made. The zero or base test provides
full data on the initial state of the plant before it enters service. Later tests are compared with
these initial results to reveal changes caused by the relevant service conditions. In-service tests
often have to be performed under so-called hot conditions in an environment of intense radiation
levels so that they must provide for remote control and rapid mechanized testing procedures.
Short testing times are also desirable from the view of costs and in-service tests are frequently
combined therefore with plant shut-downs for other operations such as the change of fuel
elements. The pressure vessel is the most important and critical component of the reactor. The
inside surfaces are cladded with austenitic stainless steel several millimetres thick as a
protection against corrosion. Figure 9.24 shows two typical pressure vessels for two different
types of nuclear reactors while Figure 9.25 shows a special manipulator for internal tests on
such reactors.
The testing of welds in piping, pressure-control valves and heat exchangers has also been
mechanized. For the internal surface test of these tubes the eddy-current method is also applied,
as for example in the combined probe. For subsurface defects creeping-wave techniques are
also used. To reduce the exposure to radiation for operators, permanently built-in rails are also
installed on components of the primary circuit.
A special system has been developed for testing leaking fuel-element cans so that any waterfilled fuel element can be removed and replaced. A twin probe containing transmitter and
receiver crystals is slipped over the canning tube and if the tube is water-filled the throughtransmission signal is strongly reduced. Each 10-MHz probe has a thickness of only 1.5 mm,
to fit in between the tubes. Length scanning is carried out mechanically as well as the transfer
from one tube to the next.
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FIG. 9.24. Pressure vessels for pressurized water reactor (DWR) and boiling water reactor (SWR) of equal power (600MW),
older design, schematic. Testing zone circled.
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1 slewing column crane, 2 service trolley, 3 monorail-mounted crane trolley, 4 mast sections, 5 mast bearing, 6 cross bridge,
7 manipulator bridge, 8 mast-centering support, 9 telescopic tube, 10 swivel arm, 11 probe-system mount for cylinder and
nozzles, 12 probe-system mount for the vessel base
FIG. 9.25. Central manipulator for in-vessel test of MAN pressurized-water reactor.

9.11. MATERIAL PROPERTY CHARACTERIZATION
While a structure may be free of distinct identifiable discontinuities, it may still be susceptible
to failure because of inadequate or degraded mechanical properties. This can arise from faulty
material processing, over aging, degradation under aggressive service environments or from
numerous other factors. Because of poor microstructure and morphology, a solid may lack
strength, toughness or may exhibit degraded resistance to impact, fatigue or fracture. For these
reasons, it is important to have non-destructive methods for characterizing local or global
anomalies in microstructure or morphology and their associated mechanical property
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deficiencies. The best approach to reliability assurance combines non-destructive
characterization of discontinuities with characterization of material environments in which the
discontinuities reside. Assessment of structural integrity and service life can be improved by
providing more complete information for fracture analysis and life prediction. This approach is
needed to assess the structural reliability and residual life of components made of advanced
materials in systems that demand efficient performance under extreme operating conditions.
To different degrees, elastic moduli, material micro structure, morphological conditions and
associated mechanical properties can be characterized with ultrasonics. Elastic moduli are
determined by velocity measurements. Material micro structure can be characterized by
velocity and attenuation measurements. Ultrasonic assessment of mechanical properties
(strength or toughness) is indirect and depends on either theoretical inferences or empirical
correlations.
Four categories of ultrasonic materials characterization include: (1) measurements that
determine elastic constants such as tensile, shear and bulk moduli; (2) micro strucrural and
morphological factors such as grain size and distribution, grain aspect ratio and texture;
(3)
diffuse discontinuity populations such as micro porosity or micro cracking; and
(4)
mechanical properties such as strength, hardness and toughness. The mechanical properties are
extrinsic and depend on elastic properties and material microstructure and morphology. The
directly measured quantities are ultrasonic velocity and attenuation quantities are ultrasonic
velocity and attenuation.
Dynamic resonance testing assesses physical and mechanical properties of certain materials by
evaluating the resonant vibration frequency. If excited properly, most solids exhibit sonic
resonances, typically in the frequency range below 20 kHz. Elastic moduli can be calculated if
the dimensions, density and resonant frequency are known. There are direct empirical relations
between tensile strength and resonant frequencies of structural components. It is possible to
quickly confirm mechanical properties of a test object by comparing it with a known reference
standard having the same shape and dimensions. The underlying relation is that the resonant
frequency is the product of a shape factor and a physical factor. The shape factor is a
combination of modulus, density and Poisson's ratio.
While dynamic resonance uses sustained forced vibrations, damping measurements use the
vibration's free decay. The test object is isolated from external forces after excitation and either
of two quantities can be measured: (1) the specific damping capacity or internal friction of the
material or (2) a comparative structural damping factor of actual components. Structural
damping is not as sensitive as dynamic resonance to size, shape and other geometric factors.
Although there are exceptions, damping values tend to be small in most engineering materials.
Damping measurements are generally sensitive to discontinuities and damage, provided that
extraneous damping from supports and fixtures is minimized. With simple excitation methods
(point impulse), several simultaneous vibrational modes can be excited. These can be analyzed
separately by computer for all frequency components and modes.
Damping and resonant frequency measurements can be used to monitor phase transformations,
plastic deformation, hardening, cold working and alloy composition effects. Dynamic sonic and
damping methods are used to evaluate porosity and density in ceramics, fibre-to-resin ratios in
composites, bond strength in laminates, nodularity and texture in metals and strengthening by
dispersoids in alloys. In its basic form, dynamic resonance affords a quick and convenient check
for detenrining whether an object has appropriate mechanical properties or has undergone loss
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of elasticity or tensile strength. Elastic moduli and dynamic constants of structural materials
can be assessed for predicting dynamic response.
Acoustic emission can arise when a material undergoes metallurgical transformations
(twinning) or dislocation movements, plastic yielding or micro cracking. The objective of
acoustic emission testing is the detection and location of incipient discontinuities. The
spontaneous stress waves that constitute acoustic emission can be analyzed to obtain
information concerning discontinuities' characteristics, location, abundance and distributions
during the loading or proof testing of structures. Acoustic emission is applied where it is
important to monitor the presence and severity of growing cracks, plastic deformation or
delaminations. The acoustic emission technique also affords a means for monitoring structural
integrity and dynamic response and for inferring the current internal condition or state of
degradation in structural components. Examples of in-process monitoring of materials are
available in the literature, especially for solidification processes such as spot welding and heavy
section welding.
The ultrasonic pulse echo technique is a key method for materials characterization. It is widely
used for making precise measurements of ultrasonic velocity and attenuation. These two
measurements are the basis for accurately evaluating elastic moduli, characterizing
microstructure and for assessing mechanical properties.
The backscattering of ultrasonic waves is caused by discontinuities in density and velocity, that
is, by the jump in acoustic impedance encountered at phase and grain boundaries in metals or
fibre matrix interfaces in composites. The usual application of backscattering measurements is
for non-destructive grain size determination. The backscatter approach has also proved useful
for measuring global inhomogeneities such as those from segregations and inclusions in metals
and ceramics. In addition, backscatter measurements can be applied to surfaces and substrates
to determine relative roughness, to measure case hardening depth, to rank adhesive bond quality
and to monitor texture and porosity in metals and composites.
Through transmission method using two well aligned transducers is often used for making
comparative property measurements with time of flight velocity measurements and relative
attenuation measurements. Single transit, through-transmission is used if there is high signal
attenuation because of test object thickness. The method is often used in a comparator
configuration where the test object's transit time delay is compared with the transit time delay
in a reference standard, as when measuring relative changes in elastic moduli.
The dual transducer pitch and catch method uses a pair of transducers displaced from each other
by a fixed distance, on the same side or opposite sides of a test object. The usual objective with
pitch and catch techniques is discontinuity location and characterization. The method can also
characterize material properties. In either case, the positions of the transducers are calculated
to recover specific signals that have traversed well defined paths along the surface or in the
bulk. The paths usually involve simple reflections from the back surface or surface waves that
are intercepted by the strategically placed receiving transducer. The pitch and catch method
often uses surface waves and guided waves, such as Rayleigh waves and plate waves,
respectively. Lamb waves and leaky Lamb waves are used to evaluate bonds and interfaces by
using angle beam immersion tests. Variations in bonding are observed through variations in the
spacing of null zones over a range of frequencies.
Laser ultrasonics involves laser-in laser-out excitation and detection without the need for
contact or immersion in a coupling medium. It allows high speed scanning and convenient test
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object contour following. Laser ultrasonic techniques provide good attenuation and velocity
measurements for materials characterization.
Ultrasonic spectroscopy is done with single or dual transducer configurations. The objective is
to analyse modulations of ultrasonic waves caused by variations in microstructure and
morphology. The spectral signature analysis approach is an excellent means for comparing
subtle and often significant variations in material microstructures. Digital fast Fourier transform
methods are necessary to obtain quantitative results. Ultrasonic spectrum analysis is used
routinely in pulse echo, acousto ultrasonic and related testing methods. Appropriate analytical
procedures include spectrum analysis, spectral partitioning, regression analysis and the method
of moments. The latter utilizes statistical parameters to describe spectral signatures. Additional
data processing techniques include pattern recognition and adaptive learning network theory.
Ultrasonic spectroscopy is comparative and relies on a repertoire of spectral signatures for a
wide range of materials and boundary conditions. Ultrasonic spectroscopy has been widely used
for both qualitative and quantitative microstructure characterization. Attenuation spectra
provide a powerful way to assess mean grain size in polycrystalline solids. In addition, porosity
and other morphological factors can be assessed with ultrasonic spectroscopy. Analysis of
ultrasonic spectral features can yield quantitative correlations with material properties that are
governed in turn by microstructure. These correlations include the ultimate strength and inter
laminar strength of composite laminates and toughness in metals.
Acoustic microscopy reveals density, texture, grain structure, porosity, fatigue damage, solid
state weld bonding, fibre matrix interface quality and micro elastic variations in metals,
ceramics and composites. Multi parametric scanning goes beyond producing images of material
microstructure and micro elastic domains. The goal is to collect an assortment of raw ultrasonic
data and analyze them to give numerical values to a wide range of parameters. Selected
parameters that can be colour mapped against the test object image include phase and group
velocities, attenuation at selected frequencies, surface and internal reflection coefficients, and
elasticity and stress values. Multi parametrics also comprise measurement of ultrasonic
interactions with other forms of energy (thermal or magnetic).
9.12. LASER ULTRASONICS
Laser ultrasonics involves the optical means of generating and detecting ultrasonic signals.
When light radiation is absorbed by the irradiated portion of a test object, thermal expansion
results, producing elastic ultrasonic waves. A contribution might also come from the
momentum transfer of the reflected light but these radiation pressure effects are extremely small
compared to those associated with light absorption. With increasing incident optical intensity,
the temperature rise at the object surface can be so great that vaporization of the material may
occur. The momentum transfer of the ablated material leaving the surface results in a force
normal to the surface that also gives rise to elastic waves.
To generate ultrasound in these modes, a pulsed laser is used. Many reported studies have been
performed with Q-switched solid lasers (ruby or Nd-YAG) with pulse lengths in the 5 to 30 ns
range. Pulsed gas lasers may also be used. Optical methods for ultrasonic wave detection can
be grouped into two categories. The first includes those methods that permit real-time detection
of , ultrasonic disturbances at a single point or over a single zone on a test object surface. The
second category includes full field methods that provide maps of the acoustic energy
distribution over an entire field of view at one instant in time. A technique called optical
heterodyning or simple interferometric detection uses a wave scattered by the surface to
interfere with a reference wave directly derived from the laser. The second detection method,
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called velocity interferometry or time delay interferometry, is based on the Doppler frequency
shift produced by surface motion and its demodulation by an interferometer having a filter
response.
Optical probes for detection of ultrasound can be used to map ultrasonic fields at the surface of
test object or at the surface of ultrasonic transducers. Probes based on optical heterodyning are
preferred for this purpose because they can be easily calibrated and allow the measurement of
the absolute value of ultrasonic displacements. Although not yet routinely used, optical probes
appear to be useful testing devices for the detection of ultrasonic transducer malfunctions
resulting from improper manufacturing or aging. Optical probes can also be used to clarify
complicated ultrasonic field over the surface of a test object.
Because a laser generates longitudinal and shear waves at the same time, both velocities can be
deduced from the measurement of the two propagation times. Assuming there is a suitable
model to link velocities and elastic constants, these constants can also be determined. The
measurement of ultrasonic velocities can also be used to monitor phase of inclusions.
Application of this technique to elastic constant determination has been reported for various
materials, including metals (aluminium and steel), ceramics and metal ceramic composites, at
room temperature and at elevated temperatures. These experiments were performed by
generating ultrasound with a short pulse laser (generally a Q-switched Nd-YAG) on one side
of the test object. Detection was done with a point detecting probe based on optical
heterodyning on the opposite side.
Although laser ultrasonics is not likely to replace traditional techniques (because of sensitivity,
cost and complexity), it does have its own range of applications, likely to include metrology,
specialized or research laboratory testing of hot or complex products. The absence of a coupling
medium for generation and detection allows the use of laser ultrasonic tests in outer space and
it could be speculated that applications will multiply with increases in low gravity activities.
9.12.1. Electromagnetic acoustic techniques
The electromagnetic acoustic techniques (EMAT), also sometimes referred to as magnetoinductive methods, are based on the excitation and detection of ultrasonic waves in conductive
or magnetic materials through the use of Lorentz force. The physical principles of EMAT
operation are shown in Figure 9.26. Suppose that a wire is placed adjacent to a metal surface
and driven by a current at the desired ultrasonic frequency. Eddy currents 𝐽 are induced within
the metal and if a static magnetic bias induction 𝐵 is also present, the eddy currents experience
periodic Lorentz forces 𝐹 given by:
𝐹 =𝐽
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× 𝐵

(9.1)

FIG. 9.26. Single element of an electromagnetic acoustic transducer.

a)
b)

FIG. 9.27. Schematic of EMA transducer
Arrangement for the production of shear waves
Arrangement for the production of compressional waves.

The Lorentz forces on the eddy currents are transmitted to the solid by collisions with the lattice
or other microscopic processes. These forces on the solid are alternating at the frequency of the
driving current and act as a source of ultrasonic waves. The process is, in many ways, similar
to that which creates motion in an electrical motor. Reciprocal mechanisms also exist whereby
waves can be detected, a process analogous to operation of an electrical generator. If the
material is ferromagnetic, additional coupling mechanisms are found. Direct interactions occur
between the magnetization of the material and the dynamic magnetic fields associated with the
eddy currents. Magnetostrictive processes are the tendency of a material to change length when
magnetized. These processes can also play a major role in generating ultrasound. Again,
reciprocal processes exist whereby these mechanisms can contribute to detection. Practical
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electromagnetic probes consist of much more than a single wire. It is usually necessary to wind
a coil and design a bias magnet structure so that the distribution of forces couples to a particular
wave type. Consequently there are probes that couple to (1) radially polarized shear beams, (2)
longitudinal or (3) shear plane polarized beams propagating normal to the surface and (4)
longitudinal or vertically polarized shear beams or (5) horizontally polarized shear horizontal
beams propagating at oblique angles. The meander coil electromagnetic acoustic transducer can
also excite Rayleigh waves on surfaces or Lamb modes in plates.
The major motivation for using electromagnetic acoustic transducers is their ability to operate
without couplant or contact. Important consequences of this include operation on moving
objects, in remote or hazardous locations, at elevated temperatures, in vacuum and on oily or
rough surfaces. Moreover, alignment problems many be reduced because the direction in which
the wave is launched is primarily determined by the orientation of the test object surface rather
than the probe. Finally, electromagnetic acoustic transducers have the ability to conveniently
excite horizontally polarized shear waves or other special wave types that provide test
advantages in certain applications. It must be noted that the cost of realizing these advantages
is a relatively low operating efficiency. This is overcome by the use of high transmitter currents,
low noise receivers and careful electrical matching. In ferromagnetic materials, the
magnetization or magnetostrictive mechanisms of coupling can often be used to enhance signal
levels.
Different applications of EMATs will now be described briefly. Ultrasonic techniques are
widely used for thickness gauging and electromagnetic acoustic transducers expand the possible
range of applications. Because of the EMAT's ability to operate at high speed and elevated
temperatures, thickness gauging is well suited for on-line measurements during materials
processing. With these transducers, it is also particularly easy to generate shear waves. This has
advantages when measuring thin materials because the shear velocity is roughly half the
longitudinal wave velocity. For a given thickness, the echo occurs later, is more easily resolved
from electrical leakage and the change in arrival time per unit change in thickness is greater.
The testing of austenitic welds in clad materials can be strongly influenced by wave speeds in
the weld metal. Because of the strong elastic anisotropy of weld materials, the difference leads
to reflection and refraction of the ultrasonic wave at the interface. These phenomena have been
studied in detail for vertically polarized shear and longitudinal waves, most of the existing work
covers propagation in austenitic weld metal. EMATs can be successfully used for testing of
such welds. Also reflection and transmission at the interface between a ferrite base metal and
austenitic cladding have been studied as further examples of the interactions of shear horizontal
waves at an interface between an anisotropic and isotropic medium.
Electromagnetic acoustic transducers are well suited for high temperature measurements
because no fluid coupling is required. In general, there are three options available for designing
these transducers for high temperature environments: (1) cool both the radiofrequency coil and
the magnet, (2) cool only the magnet or (3) cool neither the magnet nor radiofrequency coil. In
practice, all three approaches have been used successfully. High temperature interferes with the
operation of electromagnetic acoustic transducers in several ways. The insulation on standard
copper magnet wire for electric motor windings is seldom rated above 220°C (430°F). Most
magnetic steels cannot be used as magnet pole materials above 550°C (1,000°F) but some cobalt
alloys function as magnet poles up to 820°C (1,500°F). Most permanent magnet materials
cannot be used above 120°C (250°F) and some high field materials degrade rapidly above
100°C (212°F). Consequently, these magnets require some cooling for operation near surfaces
such as hot aluminium or steel and their wirings need special heat-resistant insulations. One of
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the most important applications of high temperature electromagnetic acoustic transducers is for
testing metal products at fabrication mill. The transducer must not only be made of materials
that withstand high temperatures, but also be powerful enough to overcome the high attenuation
in metals near their melting points.
To achieve electromagnetic coupling, an EMAT coil and magnet need only be brought close to
a metal surface Figure 9.27. There is no need to have an operator available to adjust the
transducer alignment or to optimize the thickness of the coupling fluid layer. This allows inline tests of buried gas pipelines without interrupting the flow of the gas. In such an application,
no coupling liquid is available and the test device must move unattended through many
kilometres of moderate diameter pipe at speeds averaging 6.7 m.s"1. Another important
application of moving electromagnetic acoustic transducers is found in steel mill applications
and is based on surface acoustic waves (Rayleigh waves) that are easily excited by
electromagnetic acoustic transducers using a meander coil. By directing these waves around the
circumference of tubular products, common discontinuities such as laps, seams and pits can be
detected. More important, simple signal processing techniques can be used to obtain a
quantitative measure of the depth of laps and seams at production fine speeds so that the
manufacturer can immediately segregate materials according to the amount of rework needed
for specified quality.
EMATs can be used for inspection of parts which are produced at high rates of, say, one per
second. Most practical ultrasonic stress and texture measurements are made using EMATs.
Among the advantages of EMATs are high temperature tests; moving tests; tests in vacuum;
high speed, self alignment, phased array operation; and the excitation of horizontally polarized
shear waves for the measurement of stress or tests of anisotropic weldments. The major
drawback is lower efficiency than piezoelectric transducers. Careful modelling is sometimes
required to design an optimum ultrasonic EMAT test. Considerable knowledge about the
,principles and engineering characteristics of these devices is, however, available to draw on in
the consideration of new applications.
9.13. ULTRASONIC TOMOGRAPHY
Computed tomographic imaging is the reconstruction by computer of a tomographic plane or
slice of a test object. Such imaging is achieved using several different types of energy, including
ultrasound, X rays, electrons, alpha particles, lasers and radar. By definition, a tomograph of an
object is a two-dimensional visualization of a very thin cross-section through the object (the
literal translation of tomo- is slice). This true cross-section is a two-dimensional reconstruction
of many one-dimensional A-scans taken from many directions. This cross-sectional method
eliminates the superposition of features that occurs when a three-dimensional object is
displayed in a two-dimensional imaging format. The superposition, sometimes called structural
noise, makes discontinuity detection and characterization more difficult because reflective
objects from outside the plane of interest are included. Tomographic imaging is much more
highly detailed. In addition, the use of computers to reconstruct the image also provides access
to image enhancement algorithms. Tomography can be divided into two types with different
applications, reflective and transmission tomography. Reflective ultrasonic tomography is used
to locate and size discontinuities, erosion and corrosion of metals and can be used to
characterize voids and inclusions. Transmission ultrasonic tomography can be used for
determining differentiations in material density, composition or residual stress.
Ultrasonic tomography is more difficult than X ray tomography because the ultrasonic beam
can be totally reflected at solid boundaries within the test object. At weak boundaries, the sound
beam may be transmissive and reflective. Therefore, there are the two types of ultrasonic

329

tomography, each with its own parameters figure 9.28. Reflective tomography is analogous to
the pulse echo technique and transmission tomography is analogous to typical throughtransmission tests. Transmission ultrasonic tomography can be further subdivided into two
types dependent on the properties of the test material. If the velocity of ultrasound through the
material is constant, then the attenuation at each pixel is the parameter to be calculated, as in X
ray tomography. If the attenuation of the sound wave remains small throughout the volume of
interest, then the velocity at each pixel is the parameter to be calculated. The quantity measured
at various positions on the outer boundary of the test object is the total sound absorption in the
first case and the total velocity for the second case. Both sides of the test object must be
accessible and the lateral resolution is limited by the lateral resolution of the transmitting and
receiving transducers.
Ultrasonic reflection tomography is an outgrowth of the transmission technique and is designed
for providing quantitative images displaying a specific acoustic parameter of the test material.
The size and location of the detected discontinuity or material interface can be closely estimated
By the amplitude and time of flight of the reflected signal. The gross shape of the discontinuity
or material interface can be estimated by successive scans around the outside boundary of the
discontinuity. However, because most ultrasonic energy is scattered in the forward direction,
the receiving transducer must have high sensitivity and electronics are required to measure
back-scattered signals at high signal-to-noise ratios.

FIG. 9.28. Parameters determined in ultrasonic tomography.

This demonstrates why ultrasonic tomography requires more computer hardware and soft-ware
than conventional ultrasonic techniques. The hardware has three basic components: (1) data
acquisition, (2) data storage and processing systems and (3) image display of the processed
data. A data acquisition system consists of the transducer (single or phased array) in an
immersion tank and can be either normal to the material surface or at an oblique angle. During
scanning the transducer is moved across the plane of the test object. This movement can be with
several degrees of freedom to follow the contour of irregularly shaped components. The storage
and processing system stores the raw scanned data and then calculations are performed on the
data to produce the cross-sectional image. The image may be a two-dimensional plot
constructed by comparing many adjacent cross-sections. Software is required to perform this
processing. A tomographic image takes several minutes to construct because of the number of
scans required and the large amount of processing.
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Ultrasonic computed tomography has several applications in non-destructive testing, including
test of complex, three-dimensional objects and fully assembled components, the detection of
linear and planar discontinuities, characterization of discontinuities' size and location in both
planar and volumetric detail. The feasibility of an ultrasonic transmission tomographic system
has been demonstrated for mapping stress concentrations in steel using time of flight data and
the algebraic reconstruction technique. This technique is an iterative reconstruction method that
derives a value for the velocities that best fit the equations. The image improves with each
iteration and the solution converges in a least square sense. Under compressional stress the
velocity decreases and under tensile stress the velocity increases. The increases and decreases
are about three percent.
Ultrasonic tomography provides several advantages for non-destructive tests: (1) increased
spatial resolution by an order of magnitude limited by the length of the ultrasonic pulse, (2)
reduced sonographic speckle arising from averaging various views over a number of directions,
(3) reduced imaging errors and (4) wide dynamic range. Another advantage is the fact that
computed tomographic images are capable of delivering quantitative as well as qualitative
information. This occurs primarily because the data are not strictly measured but
mathematically derived. A related advantage is that the images are digital, so that image
enhancement algorithms can be used. The technician can manipulate the display parameters to
adjust the contrast and latitude for optimal viewing.
9.14. MISCELLANEOUS SPECIAL TECHNIQUES
The ultrasonic testing techniques that could not be discussed in the preceding sections will be
briefly described here. In fact, if we think carefully, every test object that has a different
geometry, shape and material would require a special dedicated technique for its testing. To this
category would belong the large steel forgings; miscellaneous machined and semi-finished
parts; railway axles, rails and other materials; plate and strip testing; rivets and rivet holes;
laminar joints produced by soldering, brazing, plating and with adhesives; laminates, compound
materials and composites; bearing boxes; shrink fits; pressure vessels and numerous other
components in nuclear power as well as fast breeder reactors; different forms of metallic and
non-metallic materials, etc. The solutions to some of the test problems related to these areas can
be inferred from the ultrasonic techniques described in chapters 3 and 6 and the preceding
sections of this chapter. For others the reader may need to seek help from various references
listed in the bibliography.
9.15. AUTOMATIC AND SEMI-AUTOMATIC TESTING TECHNIQUES
9.15.1. Need and importance
Automatic and remote control system of ultrasonic examination are rapidly improving and are
now used in a very wide range of industries and in many different applications. There are many
reasons why automatic inspection is preferable to manual testing. It reduces the operational
variables and personal errors caused by manual examination. The data obtained is more accurate
are reliable. In many situations manual testing is difficult to perform either due to inaccessibility
of the test region or due to hostile environment such as high temperature or high radiation levels.
In such situations manual operation is difficult and sometimes even impossible to perform.
Automatic testing can be very fast thereby saving working time and manpower costs. It can
give a large throughput of tested components thereby keeping in step with the high rates of
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production. The analysis and evaluation of results can be done through computerized systems
thereby increasing the efficiency as well as reliability of data processing.
9.15.2. Components of an automatic system of ultrasonic testing
There are many possible applications of automatic examination and the method used depends
on the test materials, environment conditions, costs, techniques and required data;
Each system has its own characteristic due to the situation requiring automation. Although a
simplification, it is convenient to consider an automatic system as being composed of the
following subsystems:
(i)

Handling and guiding of the test objects;

(ii)

Mechanical and remote operation of the probe or probes;

(iii) Automatic supply of couplant;
(iv) Automatic gain control;
(v)

Automatic adjustment of equipment gain to the specified working sensitivity
(automatic distance amplitude correction);

(vi) Self-checking or monitoring system;
(vii) Ultrasonic data processing system;
(viii) Application of B-scope, C-scope, Quasi-three dimensional, etc.;
(ix) Feedback and corrective action.
9.15.3. Designs and functions of various components
9.15.3.1.

Handling systems for test specimens

Test objects handling systems could vary greatly depending upon the shape and geometry of
the test specimen, its weight and dimensions and its physical and chemical state. Also the test
object handling set-ups will be made in relation to the handling and manipulation of probes. In
general these arrangements may include cranes and rails, special rollers, adjustable or fixed
guides, motors and fixtures to tilt and rotate the test object, moving belts and conveyers, systemfitted immersion tanks of varying sizes for manipulation of test objects, etc.
9.15.3.2.

Transducers for automated systems

There is a variety of designs of the ultrasonic transducers which are in use for automatic testing.
Generally the probe must be held in contact with the test surface using an appropriate pressure,
or else be kept at a specified distance from the test surface (immersion method). Oscillating
scanning, transverse movement of the probes, angular oscillation, and pitch and catch
technique, etc. are performed mechanically in as smooth a manner as in manual operation.
Hundred percent coverage of the specified test area is required. Location of the probe and the
direction of the ultrasonic beam must be exactly monitored and recorded. Installation,
replacement and repairing must be easily carried out. In view of the need and importance of
mechanized and automated inspection in industry, a lot of efforts have been directed towards
developing the specialized probes needed for this purpose. These efforts mainly focused on,
firstly, the developments to employ new piezoelectric materials to improve higher efficiency of
electric mechanical energy conversion, and stable output of acoustic energy and, secondly, the
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development of new types of transducers involving new principles and techniques. The results
of these efforts are summarized below:
9.15.3.3.

High resolution transducers

Distance resolution generally depends on continuation period of pulse, Q of electric circuit,
damping of transducer, frequency characteristics of amplifier, and dynamic ranges of amplifier
and oscilloscope. The piezoelectric ceramic transducers with less time of ringing, and higher
efficiency of dampers combined with damping material and sound absorber to compose the
probes are required to obtain higher resolution. Recently improved higher resolution
transducers which have higher damping with broad band (broad range of frequency) are
employed and are called "shock wave type transducers". These can possibly resolve multiple
bottom reflections from steel plate 0.15-0.25 mm (0.006-0.10") in thickness. Application of this
type of transducer is expanding to the aerospace and some of atomic energy industries.
Problems with this type of transducer are, at this moment, lower sensitivity and poor amplitude
linearity.
9.15.3.4.

Focused probes

Different concepts for achieving a focusing effect in probes are shown in Figure 9.29a, b and
c.
Advantages of spherically concave crystal focusing probe are that the sound path is simple and
short in wedge and smaller size is available. Disadvantage is difficulty to fabricate concave
crystal in true spherical face.
Advantage of reflection type focusing probe is that it is easy to fabricate the flat faced crystal
and outside curvature of the wedge, but, longer sound path in the wedge and larger size of the
probe are a disadvantage. The focusing probe with use of acoustic lens can be available in
smaller size. The flat faced crystal and longer focal distance are advantageously used. Interface
between the lens and wedge reflects the sound. Material of the lens and fabrication of the
concave lens are expensive.

FIG. 9.29. Some designs of focusing angle probes
a)
With spherically curved oscillator
b)
With a spherical mirror
c)
With spherical lens.

9.15.3.5.

Probes with variable angles
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For certain testing task it become desirable to vary continously the angle of transverse wave.
Some possibilities are shown in figure 9.30. In figure 9.30a two wedges, one of which carries
the crystal, are rotated relative to each other. The angle as well as the plane of incidence is
changed. In figure 9.30b the piezo-crytal is cemented to a smi-cylinderical turntable in a hole
in a plastic block, the point of incidence is varied together with the angle. In figure 9.30c the
exit point remains almost constant as the angle changes.

FIG. 9.30. Angle probes with continuously variable angle.

9.15.3.6.

Probes for improvement of signal-to-noise (SN) ratio

For examination of austenitic stainless steel and its weldment and casting, etc., it is required to
improve SN ratio. Approaches for the improvement of the SN ratio are made by making focused
probes to reduce the beam spread, by using longitudinal wave angle probes, by using a double
crystal (pitch and catch type angle probe) having a focus at the most appropriate distance and
by having different frequency transducers arranged to concentric circles.
9.15.3.7.

High temperature probes

The probes have been designed to work at elevated temperatures. Some of these can work for
short periods at 400-600°C while others can be continuously used at 200-250°C.
9.15.3.8.

Electromagnetic acoustic transducers (EMA T)

These have been developed. In these the ultrasonic waves are generated by electromagnetic
force at metal surface with use of magnets and electric coils, producing Lorenz force. These
transducers are used without contact with the surface of test specimens and without use of
couplant materials.

9.15.3.9.
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Immersion tire type probe

The probe consists of plastic enclosure filled with couplant fluid under water. The beam angle
is remote controlled figure 9.31.

FIG. 9.31. Wheel transducers a) Straight beam, b) Angle beam.

9.15.3.10. Water jet type probe
The water jet is applied to the test surface from a nozzle containing the probe as shown in Figure
9.32 to keep very accurate distance from the transducer to the test surface.

FIG. 9.32. Water jet type probe.

9.15.3.11. Automated supply of couplant
In most cases of the automatic ultrasonic examination, the automatic supply of the couplant is
required. Many varieties are found in the automatic supply method, for example, water jet,
circulating container, automatic supply blush and so on. The test object as a whole may also be
immersed in water. The adequacy of coupling needs to be verified. The first bottom reflection,
if available, is used in most cases for monitoring of the acoustic coupling. The echo signal
height of the first bottom echo is monitored by data processing system in conjunction with the
equipment. A typical monitoring system may consist of both normal and angle probes on a
wedge. When the coupling is not satisfactory, alarm system, record system or stopping the
examination are to be automatically operated.
9.15.3.12. Automated equipment calibration
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Automatic calibration of sensitivity and automatic distance-amplitude correction is performed,
with use of standard reference test blocks as specified for the manual ultrasonic examination.
Where a considerable number of probes are working at one time, sensitivity of all are calibrated
electronically at one time coincident with calibration of equipment.
9.15.3.13. Automated data processing
All the data and signals are automatically processed by a data processing system which consists
of receiving of the signal, converting it to digital form by the use of analogue to digital
converters and then recording it either on strip chart recorders or presenting it on the CRT screen
using various imaging methods such as B-scan, C-scan or acoustic holography, etc. All these
steps are controlled automatically by a computer.
9.15.3.14. Feedback and control
Most of automatic testing is performed for on-line inspection of products. In such cases it is
desirable that when rejectable defects are detected, the defective portions are identified for
purposes of segregation and possible rectification. At the same time a feedback has to be given
for taking the necessary action for process alteration and control. The identification is done with
the help of squirters which throw some kind of a dye on the defective portion immediately on
receipt of the signal indicating defects. The feedback is also given in the form of signals on the
receipt of which the mechanism responsible for control of process parameters are actuated and
the needed corrective action is taken.
9.15.4. Examples of automated ultrasonic testing in industry
9.15.4.1.

Rails and wheels

Manufacturing defects in rails depend on the origin of the steel, those manufactured from cast
ingots have rolled-out flaws, and those from continuous casting contain a fine dispersion of
non-metallic inclusions. The defects usually occur in the transition zone below the rail head and
in the upper part of the web. In addition transverse cracks (the so-called kidney cracks) can
occur in the head and true rolling defects are folds in the region beneath the web.
Figure
9.34 indicates the most appropriate positions for the application of probes for detection of most
of these cracks.
During service small cracks and inclusions can act as the origin of the kidney cracks lying
transversely in the head of the rail. They are especially dangerous because they can occur in
groups over short distances and can therefore cause a short piece of the rail to breakout. Similar
cracks start at wheel bums, where wheels skid during starting, for example in front of signals,
leading to local thermal cracking as a result of overheating.
Automatic testing of rails is done with the help of a rail-testing train. It consists of three cars,
of which the middle one contains the testing equipment. The two outer ones contain the diesel
engines and arrangements for housing the crew. Beneath the middle car the testing carriage is
suspended, containing the pairs of 35° and 70° angle probes and the normal TR probe, one set
for each rail. These can be raised or lowered hydraulically either separately or together with the
testing carriage. For each rail two ultrasonic probes are arranged additionally directing air-bome
ultrasound onto the transition between foot and web to detect welding beads.
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FIG. 9.33.Typical probe positions for rail testing.

FIG. 9.34.Testing of rail for incipient cracks at the lower edges of the head.

FIG. 9.35. Transducer arrangements for wheel tests.

The 35° angle probes are switched in parallel, so that each receives the pulse originating from
the other after reflection at the bottom face and in addition echoes from fish-plate bolt holes,
oblique cracks from the holes and transverse cracks in the foot provided they reach under the
web. The coupling face is made from plastic and has only to be changed after several thousand
kilometres. The several cubic metres of coupling water required for the daily testing distance
of 200 km is contained in a tank.
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9.15.4.2.

Sheets (plates) and strips

The testing of plate for manufacturing defects is very diversified covering a range of thickness
from 1 mm to more than 100 mm. Classification into medium and heavy plate for thickness
above about 4.5 mm and sheet and strip for thickness less than this, seems practical in view of
the different problems involved.
Most testing is done automatically. A number of methods of different detailed designs have
been used for many years but they differ regarding the test method, the scanning programme
and the evaluation of data. Firstly there has been the through-transmission method with
coupling by free water jets. Then there comes the pulse-echo method with TR probes and watergap coupling. Some heavy-plate testing installations are designed to test separately cut plates
in which each plate stops, and one or several probes check the face and the edges according to
a programme (e.g. first testing of all four edges, then scanning of the face of the plate along a
meander).
Arrangements using large immersion tanks have also been developed. Most installations,
however, are designed as "transit tests", the plate being tested on a roller bed during normal
transport at testing velocities of 1 m/s and higher. The probes are arranged in the form of a
comb and in some instances the testing comb oscillates transversely to the rolling direction in
order to improve the delegability of long narrow flaws.
9.15.4.3.

Pipes and tubes

In seamless rolled tubing the defects which are of interest are similar to those occurring in rod
material, that is cracks and laps on the internal and external surfaces as well as inclusions and
laminations in the wall which are caused by the manufacturing process as they are in rolled
plate.
In the factory automated testing installations are installed almost exclusively using the full or
partial immersion technique for mass produced tubes such as boiler and main-supply tubes,
high-pressure tubes, oil-field tubes, precise tubing and nuclear-fuel canning tubes. Usually two
complete probe assemblies are used but separated in the longitudinal direction of the pipe, and
with sound beam paths in opposite directions of inclination. To detect transverse defects an
additional simple arrangement of a single-probe is used, which generates a 45° zigzag wave
along the tube wall in the longitudinal direction. To ensure that unfavourably oriented defects
are also detected a second probe pointing in the opposite direction can be added.
Tube testing installations can be divided in general into two groups of different mechanical
design. In the first type the probe arrangement is stationary and the tube is rotated and
transported longitudinally to achieve a spiral scan. In the second type the tube is longitudinally
transported and the probes rotate around it giving an arrangement which fits better into the
production line. In a typical arrangement for testing of nuclear fuel canning tubes an immersion
tank contains four point-focused probes of 10 MHz arranged in two planes perpendicular to the
tube. One pair tests for longitudinal defects but with opposing beam directions, and the other
pair detects transverse defects. Additionally a further probe can measure the wall thickness, or
a pair arranged in 180° positions can measure the complete geometry of the tube including wall
thickness and outer and inner diameters. Defects as small as 0.03 mm with a length of 0.75 mm
can be detected, because of the very precise guidance system of the probe assembly, achieved
by riding on the tube. Testing speed, depending on the minimum defect length to be detected is
2 to 5 m/min. If the diameter of the tubes becomes large, rotating of the probe assembly can
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become very difficult. In such a case the water filled tank together with the fixed probe assembly
can be manipulated and pressed against the tube after it has entered the test machine. In other
installations for testing tubes the rollers provide linear transport and simultaneously the
complete roller system is rotated around the tube axis. The mechanisms for rotating probe
systems around the tube are in use for testing a wide variety of tubes up to 600 mm diameter.
In most installations up to 250 mm the probes are housed in a closed water tank and circulate
around the tube, also incorporating probes for wall-thickness and geometry measurement. For
larger tube diameters water-gap sliding probes are used. The testing speeds can be as high as
8,000 rpm. The probes can be adjusted automatically by a computer aided system. In addition
to flaw detection, wall thickness measurements can also be made and some machines are also
capable of inspecting welded pipes and tubes.
9.15.4.4.

Rotors

Automated tests for rotor forgings have been carried out for many years in order to achieve a
continuous test. A newly developed automatic examination system to apply to large sized
turbine rotor shafts for nuclear power plants is described here. This is composed of a multiprobe system which scans the surface of the rotor using flowing oil as a couplant. The rotor
itself can be supported and rotated on rollers. The oil container is carried on the test car along
with the flaw detector and recording devices alongside the rotor on rails. Both direct contact or
gap scanning can be used. The data can be recorded in all the three modes, i.e. A-, B- or Cscans. The data is electronically processed. In a typical Japanese machine for rotor testing,
rotors of up to 2000 mm diameter and 10 m length can be accommodated. The transducers used
are of 2-5 MHz frequency. The shaft is rotated and the recording is done through a polaroid
camera for B-scan presentation and through a printer for C-scan presentation.
Installations for testing of rotors are also available using large immersion tanks. Because of the
very uniform coupling, testing frequencies up to 10 MHz can be used. Test facilities have also
been designed whereby the rotors can be tested without having to remove them from the casing.
9.16. SPECIAL TECHNIQUES FOR DATA PROCESSING
9.16.1. Introduction
Data processing in ultrasonic testing may be visualized to mean the collection of information
regarding the internal structure of a test specimen by sending ultrasonic waves or pulses into it
and then transferring back the collected information in a manner which is suitable to obtain
unambiguous, meaningful, reliable and discrete information about the characteristics of the
tested material. Ultrasonic pulses that go into the material wander around (of course according
to some principles) and investigate the interior portions and return to the surface laden with
information or data about the grain structure of the material, density, acoustic impedance, elastic
moduli, applied or residual stresses, thickness and the nature, size and location of discontinuities
and inhomogeneities. At the surface these pulses are received by the transducer which initiates
the long and complex process of interrogation and extraction of the information or data carried
by them - the process of data processing. The transducer, using the reverse piezoelectric effect,
first of all converts the ultrasonic pulses into voltage or current pulses also called voltage or
current signals. It is these voltage or current pulses or signals which are further processed and
converted into a meaningful form. Therefore the terms data processing and signal processing
are interchangeably used in literature. Putting it in another way in electrical terms a signal is a
parameter (usually voltage or current) which varies with time and is used to convey information
from one place to another. Processing is the alteration of this information. Signal processing is
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commonly used in NDT instrumentation often without the NDT technologist even being aware
of it. For example, the "signal" which appears on the screen of an ultrasonic flaw detector has
often undergone several stages of signal processing in order to make it more readily assimilated
and understood by the operator. Various steps involved in data or signal processing are briefly
explained in the following sections.
9.16.2. Signal transmission and detection
It is well known how the ultrasonic pulses are generated in ultrasonic probes. There are two
main types of electrical signals, namely, the analogue signal and the digital signal.
The analogue signal is the one which varies continuously with time. This can be explained with
the help of a simple example. Suppose it is intended to convey some information between two
cities. A transmitter which could simply be a battery producing different voltages through a
variable resistor could be placed in one city and a receiver, which could just be a voltmeter to
measure different voltages, in the other. The transmitter and the receiver could be connected
with the help of a wire. By varying the resistor the voltmeter would register a change in voltage.
If the information to be sent is, for example, in the form of "yes", "no" or "may be" and if it was
agreed beforehand that, say, any voltage above 10 volts represented the word "yes", any voltage
below 5 volts the word "no" and any voltage in between the word "maybe", then a simple
communication system would have been established, albeit a rather limited one! This system,
since it uses continually varying voltage, could be thought of as an "analogue" system. The
electric voltage or current output is proportional to the echo-signal height.
Analogue signal shall be normally required to have linearity of ±5%, drift of ±5% of full scale
and dynamic range of more than 20 dB. If the variable resistor were to be replaced with a simple
on/off switch and the voltmeter with, say, a light bulb then with the switch closed a current will
flow and bulb will light (perhaps signalling "yes"), whereas with the bulb switched off signal
"no" will be indicated. Then we seem to have a problem, because the bulb can only be on or
off, that is, how to signal "maybe" ? But this can, in fact, be done quite easily using a code made
up of sequences of on and off. This communication link would effectively be a "digital" system,
and the familiar Morse Code is a good example of a digital signalling method. Thus the digital
signal in a simple form may be defined as one which is discontinuous with time and has discrete
and quantized numerical values.
9.16.3. Data (signal) processing
Continuing with the example of sending and detecting signals between two cities, let us suppose
that now we want to talk to the other person rather than just signal "yes" or "no", We could
replace the variable resistor or switch with a microphone and the voltmeter or light bulb with a
loudspeaker, and would in fact have a rudimentary "telephone"! How well the sound could be
heard and understood at the receiver depends on the frequency bandwidth of the overall system.
Intelligible speech sounds are contained in a frequency band extending from about 300 Hz to
3400 Hz and an overall bandwidth of 4 kHz is, therefore, used for telephone messages in order
to cover all the sounds likely to be encountered. Overall bandwidth refers to the complete
system consisting of mouthpiece, line and earpiece. Similarly for hearing a good "hi-fi" music,
we need a wide frequency bandwidth of about 4 to 5 times that in a telephone. May be it is not
physically possible or economical to use wires to connect the transmitter to the remote receiver.
How can the communication channel then be set up? One way is to record the speech or music
on a magnetic tape or vinyl record, or better still, digitally encode it onto a compact disc and
then send it through the post. Alternatively, if a quicker route was required the message could
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be sent through the atmosphere using a "wireless" or radio. Radio signals are generated using
an oscillator which produces a radio-frequency sine wave (for example, BBC Radio 4
broadcasts at 200 kHz) known as a carrier wave. This is in the form of an electromagnetic wave
(just like light waves but much lower in frequency), not acoustic waves (like the ones produced
when you speak). In order to convey information the carrier wave is modulated by the speech
or music which means that the carrier and information waves are mixed together, or
"processed", in some way. In the case of amplitude modulation (am), for example, the strength
or amplitude of the carrier wave is modulated by the information signal, with frequency
modulation it is the frequency which is modulated.
In a microphone sound waves are converted into electrical signals. Similar is the case for an
ultrasonic transducer. In this case a short electrical pulse is applied to the transducer element in
the probe (the "piezoelectric" element) in order to produce a short elastic wave in the material
under inspection. The frequency of elastic wave generated, for NDT purposes, is typically in
the range of 1 to 15 MHz. This is much higher than the highest sound (pressure wave) a human
being can hear, which is typically about 20 kHz. The frequency content of the ultrasonic signal
(its bandwidth) is determined largely by the thickness of the piezoelectric element and the
material surrounding it. The voltage spike causes the piezoelectric element to "ring" at its
natural frequency. If the piezoelectric element is surrounded by air it will produce a ringing
pulse which is not much used for NDT inspection because it leads to poor resolution which
means that echoes from defects close together become jumbled up and cannot be separated or
"resolved". The ultrasonic pulse, then, is usually shortened by damping the piezoelectric
element using a material of a similar acoustic impedance thereby widening its bandwidth and
stopping it from ringing so easily.
Referring back to the journey of the ultrasound waves, the electrical pulses generated at the
receiving transducer, called the signal, are very weak. The signal must be processed to make it
stronger so that it can continue its journey to the screen or other signal detection devices. This
enlargement process is called amplification. The amplifier has its own frequency bandwidth.
Characteristics and may not only amplify but also change the shape of the signal. Sometimes it
is important not to alter the shape of the signal and, therefore, a wide bandwidth amplifier
characteristic is selected. Normally an increased bandwidth is obtained at the expense of a loss
in gain or how much the signal is amplified. These parameters in an amplifier are often referred
to as the gain-bandwidth product.
Passing a signal through an amplifier, whose bandwidth is smaller than the signal, has the effect
of filtering the signal by cutting out the frequencies above and below the amplifier's frequency
range. It is sometimes useful to deliberately filter signals in this way to improve their final
appearance and flaw detectors usually incorporate these filtering features but very often as part
of the "frequency" control. Amplifiers exhibiting filtering effects are sometimes called active
filters. Passive filters can also be used (i.e. those which do not use any amplification) and, like
active filters, these can exhibit high-pass (i.e. letting the higher frequencies pass through), lowpass or band-pass characteristics and can be of extremely complex design to allow very special
features in the signal to be extracted. Low-pass filters tend to make a signal look "smoother"
because they cut out the "sharper" high frequencies and are, therefore, sometimes called
"smoothing" circuits.
In many cases signal-to-noise ratio in ultrasonic systems can be improved by rejecting certain
portions of the received signal spectrum. For example, receiver noise increases in proportion to
the square-root of bandwidth; thus, it is evident that excessive bandwidth will result in increased
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noise and, hence, degraded signal-to-noise ratio. If the transmitted pulse is a coherent burst
containing several cycles of the carrier frequency, then most of the useful energy is contained
in a relatively narrow band centred about the carrier frequency. Thus, signal-to-receiver-noise
ratio can be maximized by limiting receiver bandwidth to that required to adequately pass the
ultrasonic pulse.
A digital computer operates on the measured parameters of the echo signals and upon the known
characteristics of the fitting set of defects to, in effect, fit a complex equation to the available
data. A second set of known defects, called the "selection set", is used to define the adaptive
learning network by eliminating those echo signal parameters which have small effect. After
completion of the learning and defilement processes, the network may be fed with the echo
signal from an arbitrary flaw of the same general type used in training. The network then
computes the value of the specific defect characteristic which it was trained to recognize and
qualify. As an example the method was used to measure diameters of flat-bottom holes drilled
to uniform depths in metallic test blocks. Ultrasonic pulse-echo signals were used as inputs to
the network. Three sets of test blocks were used in developing the network; these were called
the "fitting", "selection", and "evaluation" sets whose purposes were, respectively, (1) to train
the network initially, (2) to refine the network and eliminate relatively insignificant variables,
and (3) to test the trained network. Out of 96 candidate waveform parameters, 15 were found
to contain information about flat-bottom hole diameter. These included parameters related to
shape, area and frequency content of certain parts of the received signal. It is interesting to note
that echo amplitude, which is often used to estimate defect size, was not significant in the
adaptive learning network for flat-bottom hole diameter measurement. The resulting adaptive
learning network implemented an eighth-degree function of the 15 input waveform variables.
The reported synthesized non-linear adaptive learning network correctly measured the
diameters of 46 out of 48 flat-bottom holes in the evaluation set.
The signals may be amplified to such a large extent that they may not fit vertically on the screen
and the peak signals are cut off ("saturated") or distorted. So, before passing them to the screen,
the signals are passed through an attenuator to reduce them in amplitude. The attenuator is
usually calibrated in fixed steps of a convenient measure known as decibels. A decibel (or dB
for short) is merely a convenient way of expressing voltage ratios.
The signals which are originally generated at the receiving probe are in the form of sinusoidal
waves having both positive as well as negative portions. But the echo peaks that we usually see
on an oscilloscope screen do not have any negative portions. To bring the sinusoidal wave
signals into the form of echo peaks, the signals are rectified to remove the negative-going parts
of the cycles. This is usually followed by "smoothing" to make the signal less "peaky".
Rectifying the signal tends to make some functions easier to implement in the electronics. For
example, an amplitude threshold can be easily applied, above which signals are retained, or
suppression can be used to remove unwanted low-level signals or noise. This can be achieved
by using a circuit known as a comparator which, as its name suggests, compares the signal with
a d.c. voltage, usually selected by the operator on the front of the flaw detector.
Gates perform similar functions of rejecting or accepting signals but are more selective in that
they can pick out parts of the overall A-scan rather than the whole trace. In most flaw detectors
the gate width and delay can be varied as well as its height (i.e. the reject/accept threshold).
Usually, a signal appearing in the gate sets off an audible or visual warning to alert the operator
to the presence of a flaw at some specified range, for example. Very often the signal in the gate
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is used to provide a further signal which can be used to feed other equipment, controlling a strip
chart recorder, perhaps.
9.16.4. Digitization of data
The analogue signal can be converted into a digital form Figure 9.36 shows the analog to digital
conversion. Digital systems are rapidly gaining favor with NDT technologists and there are
now several excellent microprocessor- and minicomputer-based NDT systems on the market.
Any analogue signal, for example, the familiarly known A-scan from the CRT screen of an
ultrasonic flaw detector, is continuous with time but if we sample it at regular intervals (the
sampling interval or sampling frequency) we can still make the signal look very much like the
original as long as the samples are taken at short enough intervals. The original analogue signal,
then, can be reduced to a discontinuous series of numbers or digits; in other words a digital
signal. The process of turning an analogue signal into a stream of bits is called, perhaps not
surprisingly, analogue-to-digital conversion. We have said already that this process of
conversion involves electronically sampling the waveform at regular intervals, noting the signal
level at each sample against a fixed scale of values, such as voltage. Digitization of the analogue
signal offers some distinct advantages. The first useful thing that can be done is to store the
signal for future use. Once in digital form the signal can be transferred, via the computer, to a
magnetic disc or tape storage device for permanent storage or core memory for immediate use.
Other information, such as probe and instrument details, can be stored along with the data
signals to give a permanent record of the whole inspection process. In ultrasonic inspection, for
example, a whole series of "A-scans" can be stored and then plotted out together to form "B-"
or "C-scans" and the resulting displays can be encoded with colour or grey-scales to improve
interpretation, like the almost photographic images which are now being used for medical
monitoring and aiding diagnosis.

FIG. 9.36. Analog-to-digital conversion.

Inspection data can be compared from one inspection period to the next to look for differences,
perhaps due to flaw growth, and this can be done automatically to eliminate human error.
Images can be processed to enhance certain features or suppress others. Patterns in the data can
be recognized, either by the expert human or automatically by the expert system and the
operator can interact with the data easily and quickly to focus his attention on salient features.
Of course, all of this could be done with analogue signals and displays but it is usually much
more difficult, slow and costly. Other advantages of digital systems are that they are easier to
design than analogue systems since they are primarily made up of logic circuits, or "gates" (not
the same gates as described earlier for the flaw detector!). They are also more accurate, faster
and a higher level of electronic circuit integration is possible. But there are some disadvantages!
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The real world is analogue and in practice most natural information such as temperature,
pressure, weight and time, is analogue. Conversion of analogue information to digital data, and
the reverse, can be complicated and therefore expensive. In addition, the conversion process
inevitably introduces inaccuracies and takes a finite amount of time, both of which may be
critical. Analogue processing is usually simpler too. Finally, digital systems are slower at
transmitting information than analogue. Nevertheless, the advantages of digital systems are
beginning to outweigh those of analogue and this can already be seen in the NDT world with
the increase of digital equipment.
9.16.5. Data presentation and recording
After the signals have been treated in one, few or many ways outlined in the foregoing section,
it is now desired to have a look at them by making them visible with a view to retrieve the
information/data they contain and to analyze that information in terms of material
characteristics including the flaws. Finally there is a need to record this data in a proper format
for the purposes of still further analysis, evaluation, documentation and record.
The most familiar way of making the signals visible is through the screen of a cathode ray tube
in a conventional ultrasonic flaw detector.
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FIG. 9.37. A typical print out from a digital.

The other familiarly known data visualization methods are the B-scope and C-scope imaging
methods. More recent are the film methods in which a camera in front of the pulse echo
instrument photographs continuously the simple A-, B- or C-scan images on the CRT screen.
In the digital record systems a digital output is recorded. Some of the auxiliary equipment used
in this system is digital printer, X-Y plotter, multi-pen recorder, line printer, CRT character
display, etc. Figure 9.37 shows a digital print out of signals from a defect in the weld. A mention
needs to be made of multi-threshold recording monitors which are used in making digital
presentation of the image. A recording monitor is a gated amplifier which indicates the echo of
a signal as soon as the former appears in a preselected transit time zone (the gate) and exceeds
a preselected amplitude reading, in the form of a voltage pulse. If the echo voltage is placed on
an analogue-to-digital converter, the output furnishes a numerical information. The digital
output can be converted into defect display image using the planar recording systems. These
help to record the signals to a projection on horizontal plane or vertical plane. There are also
recording systems now available (such as tomography) to furnish images in three dimensions.
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Multiple frequencies from the waves reflected from internal flaws can be displayed on charts
and these are useful to characterize and to measure the extent of the flaws.
In many instances, a suitable documentation of the test results is desirable, frequently after
signal evaluation by a data processing installation. Complete documentation of all test results
of a given test piece is not feasible for economic reasons. This would require not only the
recording of all three space co-ordinates but also information concerning the size of the flaw
for every point of the three-dimensional test piece. Fortunately, usually several of these data
can be omitted. Direct recording methods and instruments use either moving recording systems
which produce deflections at right angles to the movement of the strip chart, or stationary
recording pens which merely record go/no-go signals in the form of a dotted line. The first
method is used for the proportional documentation of the results (echo amplitudes or transit
times), whereas the second method is used specifically in the form of go/no-go recordings.
Movable recording systems have a mechanical cut-off frequency which in the case of inked
recording pens is far below 100 Hz; those using a moving stylus and wax paper have a
maximum cut-off frequency of some 100 Hz. In the case of the light-spot recorder which
produces an instantly visible record on sensitized paper with the aid of a strong UV light beam
and a mirror system, the cut-off frequency is some 1000 Hz. Optimal resolution and maximum
speed are obtained with the pulse recording method; the pulse output voltage of the recording
monitor is placed directly on the recorder. At a repetition frequency of 130 Hz the instrument,
therefore, records 130 peaks per second whose heights are proportional to the echo height. This
recording system permits scanning speed of 1 to 2 m/s. Since at present still faster recording
systems are not available, this probably represents the limit of direct recording.
In the case of linear scanning of a long test piece, e.g. a rod, a billet or a rail, the chart feed of
the recorder usually corresponds to the scanning motion on the test piece. Sometimes both are
coupled to each other directly. The recording thus reveals the position of a given flaw in one
coordinate, viz. the longitudinal direction of the specimen, in the form of a go/no-go trace or a
proportional trace. This solution is acceptable in such simple cases which do not require a more
exact indication of the position of the flaw. This method requires only a simple recorder with
narrow strip chart and a fixed recording system. The so-called XY recorders would make it
possible to simulate on a stationary sheet of chart paper the scanning movement of the probe in
two co-ordinates, as in the case of the C-scan. In practice, however, this would be too slow. For
disc-shaped specimens such as turbine discs the answer is a type of gramophone-record
scanning combined with a suitable recording system. Both the specimen and the recording chart
rotate, while the probe and the recording system are shifted slowly in the same sense, either
rectilinearly or along an arc as in the case of a gramophone record-Frequently spiral records on
electrochemical chart paper are used for C-scan presentation. In this system the strip chart is
stretched over a cylinder having a raised metal spiral, e.g. a wire, which is fixed to its surface
in a pitch extending over the full width of the chart. A straight metal bar presses the chart down
against the spiral. If the cylinder with the spiral turns, the contact point where the current passes
from the bar through the paper and into the cylinder travels from one end of the chart to the
other. The rotation of the spiral cylinder is coupled to the scanning movement of the probe
which, for instance, scans a band-shaped specimen transversely to its direction of feed.
Scanning of the test piece along a zigzag line can be achieved by a different design using two
contra-rotating spirals with one half pitch each over the full length of the cylinder. During the
first half turn of the cylinder the contact point then travels from left to right, and travels back
again during the second half turn.
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To an increasing extent, printers are being used for the documentation of test results. These
methods require that the test results are available in digital form. In all instances where wall
thickness, or quite generally transit times are measured, the readings already usually are
available digitally for evaluation and display. In installations where the test pieces are scanned
continuously at high speed, frequently the number of the go/no-go flaw signals produced over
a given scanning distance are used for evaluation. By means of this method of evaluation the
number of flaw signals per recording section is obtained digitally and can be printed. The test
result is presented on the printed strip as a sequence of numbers which are correlated to the
consecutive sections of a given scanning line.
9.16.6. Some data processing systems
In the foregoing sections, various components of data processing have been mentioned in a
relatively rather over simplified way. We will, in this section, outline a few typical ultrasonic
testing systems incorporating data processing in order to demonstrate the interfacing and
integration of various individual components as well as to show the complexity of the system.
Figure 9.38a shows the components of a traditional analogue data processing system.
Figure
9.38b shows data processing system used with accept / reject criteria by external computer. The
system records the complete ultrasonic waveform for up to seven channels at routine in-service
scanning speeds and is compatible with most ultrasonic testing techniques, The system provides
the inspector with an extensive set of tools to confirm system operation in real-time, to validate
acquired testing data and to provide efficient rapid analysis, reporting and auditing of the
systems.
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b)

FIG. 9.38(a and b). Block diagrams for signal processing
a)
Analog
Digital, where accept/reject decisions are made by external computer.

The data acquisition subsystem can interface with a variety of ultrasonic testing instruments, as
well as an assortment of testing tools. The subsystem is also compatible with time corrected
gain systems. Calibration activities may be performed in parallel with testing activities. It is
usually composed of a replication of independent channels. Each channel functions under the
control of a channel processor. The channel processor is responsible for data acquisition,
generation of data for real-time display, generation of data for three-view display and
housekeeping tasks. Each channel interfaces with a high speed signal averager and a
commercially available ultrasonic test instrument. System interface with scanner mechanisms
is accomplished.
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