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FOREWORD

The International Atomic Energy Agency (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 assurance for safe operation of nuclear and
other industrial installations. The IAEA successfully executed a number of programmes,
including technical cooperation projects (national and regional) and coordinated research
projects (CRPs), in which NDT was an important part. Through these programmes, a large
number of personnel have been trained in Member States, leading to the establishment of
national certifying bodies responsible for the training and certification of NDT personnel.
Consequently, a state of self-sufficiency in this area of technology has been achieved in many
Member States.

All along there has been a realization of the need to have well established training guidelines,
in order to orient the IAEA experts who were involved in training and certification
programmes, and to achieve some level of international uniformity and harmonization of
training materials and certification processes, and consequent competence of NDT personnel.

The syllabi for training courses were published in the form of IAEA TECDOC publications.
The first was IAEA-TECDOC-407 (1987), which contained the syllabi for liquid penetrant
testing, magnetic particle testing, eddy current testing, radiographic testing and ultrasonic
testing methods. To accommodate progress in NDT technology, revised versions of this
TECDOC were published in 1991, 2002 and 2008. The current version (i.e. IAEA-TECDOC-
628/Rev.2 (2008)) includes additional and more advanced NDT methods. That TECDOC, as
well as most of the international standards on the subject of training and certification of NDT
personnel, including ISO 9712 (2005), defines three levels of competence. Among these,
Level 1 is the lowest and Level 3 is the highest. The intermediate Level 2 is considered to be
the most appropriate for personnel who, besides other duties, are expected to: independently
undertake practical testing in the relevant method of NDT; develop NDT procedures to
address various problems; prepare written instructions; make accept/reject decisions in
accordance with relevant standards and specifications; organize and report NDT results; and
train and supervise Level 1 personnel.

The next logical step after finalizing the syllabi was to compile textbooks and training
manuals in accordance with the syllabi. Manuals on liquid penetrant testing, magnetic particle
testing, radiographic testing, ultrasonic testing and eddy current testing have already been
published in the IAEA’s Training Course Series. These play a vital role for training and
certification of NDT personnel throughout the world.

Compilation of the present book is a continuation of that effort. The first draft was developed
with the help of experts from the Canadian Institute for Non-Destructive Evaluation (CINDE).
The introduction to basic NDT methods, materials, manufacturing processes and defects, and
quality assurance common to all the NDT methods, has been adapted from previous
publications in the Training Course Series.

The IAEA wishes to express its appreciation to all those who contributed to the production of
this publication. The IAEA officers responsible for this publication were Joon-Ha Jin,
A.A. Khan and B.P.C. Rao of the Division of Physical and Chemical Sciences.
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1. INTRODUCTION
1.1. Basic principles of non-destructive testing (NDT)
1.1.1. Definition and importance of NDT

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:

(8 Raw materialswhich are used in the construction of the product.
(b) Fabrication processes which are used to manufacture the product.
(c) Finished product beforeit is put into service.

Use of NDT during all stages of manufacturing results in the following benefits:

(& Itincreasesthe 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 aso 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. Typesof NDT methods

For the purposes of these notes, NDT methods may be divided into conventional and non-
conventional. To the first group belong commonly used methods like visua 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 remembered 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. Visua testing requires adequate illumination
of the test surface and proper eye-sight 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 al 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 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 acamerato permit permanent recording.

FIG. 1.1. Various optical aids used in visual inspection:

(A) Mirror

(B) Hand magnifying glass (magnification usually 2—3X).

(©) Numinated magnifier; field of view morerestricted than D (magnification 5-10X)
(D) Inspection glass (magnification 5-10X)

(E) Borescope or intrascope with built-in illumination (magnification 2—-3X).

The applications of visual testing include:

(& 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 interna side defects.

Some of the advantages of visual testing are as follows:

(8 Testingissimple

(b) Testing speedishigh

(c) Costislow

(d) Lesstraining

() On-linetesting possibility
(f) Permanent record available

Some of the limitations of visual testing are as follows:

(@ Can detect only surface defects
(b) Difficulty in sizing depth of defects



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. This 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 in the defect is absorbed by the developer to indicate the presence as well as the
location, size and nature of the defect. The processisillustrated 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 penetrant needs to be dissolved in a solvent to remove
it from the component surface.

In order of decreasing sensitivity and decreasing cost, the liquid penetrant processes can be
listed as follows:

(@ 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:

(8 Relatively low cost.

(b) High portahility.

(c) Highly sensitiveto fine, tight cracks.

(d) Fairly simple method.

() Can beused on avariety of materials.

(f) All surface defects are detected in one operation, regardless of orientation.

The limitations of liquid penetrant testing are:

(@ Test surface must be free of al contaminants (dirt, oil, grease, paint, rust, etc.).
(b) Detects surface defects only.

(c) Cannot be used on porous surfaces and is difficult to use on very rough surfaces.
(d) No permanent record.



FIG. 1.2. Different stages of liquid penetrant testing.
1.1.2.3. Magnetic particle testing (MT)

Magnetic particle testing is used for testing materials that can be easily magnetized. This
method is capable of detecting open to surface and just below the surface defects. In this
method the test object is first magnetized by using either a permanent or an el ectromagnet, or
by passing electric current through or around the object. The magnetic field thus introduced
into the object is composed of magnetic lines of force. Whenever there is a defect which
interrupts the flow of magnetic lines of force, some of these lines must exit and re-enter the
object. These points of exit and re-entry form opposite magnetic poles. Whenever minute
magnetic particles are sprinkled onto the surface of such an object, these particles are attracted



by these magnetic poles to create a visual indication approximating the size and shape of the
defect. Fig. 1.3 illustrates the basic principles of this method.

FIG. 1.3. Basic principle of magnetic particle testing.

Depending on the application, there are different magnetization techniques used in magnetic
particle testing. These techniques can be grouped into two categories:

@

(b)

Direct current techniques. These are the techniques in which the current flows through
the test object and the magnetic field produced by this flow of current is used for the
detection of defects. These techniques are shown inFig. 1.4 (a, b & ©).

Magnetic flux flow techniques: In these techniques magnetic flux is induced into the
object either by the use of a permanent magnet or by flowing current through a coil or a
conductor. These techniques are shown in Fig. 1.4 (d—g).

Advantages of magnetic particle testing:

(@
(b)
(©)
(d)
(€)

It does not need very stringent pre-cleaning operation.

Best method for the detection of fine, shallow surface cracks in ferromagnetic material.
Will work through thin coating.

Inspection of complex geometries.

Portable NDT method.

The limitations of magnetic particle testing include the following:

@
(b)

(©
(d)

Applicable only to ferromagnetic materials.

Orientation and strength of magnetic field is critical. There is a need to magnetise twice:
longitudinally and circumferentially.

Large currents sometimes required and “burning” of test partsis apossibility.
After testing the object must be demagnetized, which may be difficult sometimes.



FIG. 1.4. Different magnetizations used in magnetic particle testing.
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. Interna 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.



The ET method may be used for:

@
(b)
(©
(d)
(€

Detection of defectsin tubes.

Sorting materials.

Measurement of thin wall thickness from one surface access.
M easurement of thickness of thin coatings and case depth.
Non contact testing of hot defects.

FIG. 1.5. (a) Generation of eddy currentsin the test object.
(b) Distortion of eddy currents due to defect.

The advantages of eddy current testing include that it:

@
(b)
(©)
(d)
(€)

Does not require couplant.

Gives instantaneous response.

Is extremely sensitive to surface cracks.

Allows use of high scanning speeds (as high as 10 m/s).
Accurate for sizing defects and coating thickness measurement.

The limitations of eddy current testing include the following:

@
(b)
(©)
(d)

Extremely sensitive to surface variations and therefore requires a good surface.
It is applicable to electrically conducting materials only.

Not reliable on carbon stedl for the detection of subsurface flaws.

Its depth of penetration is limited to 8 mm.



FIG. 1.6. Types of probes used in eddy current testing.
(@) Internal Cail

(b) Encircling Cail

(c) Surface Probe.

1.1.2.5. Radiographic testing method (RT)

The radiographic testing method is used for the detection of interna flaws in many different
materials and configurations. An appropriate radiographic film is placed behind the test object
(Fig. 1.7) and is exposed by passing X rays or gamma rays (Co-60 & Ir-192 radioisotopes)
through it. The intensity of the rays while passing through the object is modified according to
its internal structure and thus the exposed film, after processing, reveals a shadow picture
known as a radiograph. It is then interpreted to obtain data about the present defects. This
method is used on awide variety of objects such as forgings, castings and weldments.

The advantages of radiographic testing include that:

(@ Itisuseful on wide variety of materials.

(b) It can be used for checking internal malstructure, misassembly or misalignment.

(c) It provides permanent record.

(d) Devicesfor checking the quality of radiograph are available.

Some of the limitations of this method are that:

(@ Accessto both sides of the object is required.

(b) It cannot detect planar defects readily.



(c) Thethicknessrangethat can be inspected is limited.

(d) Sensitivity of inspection decreases with thickness of the test object.
(e) Considerable skill isrequired for interpretation of the radiographs.
(f) Thedepth of defect is not indicated readily.

(g) X raysand gammarays are hazardous to human health. The iaea’ s radiation safety series
arereferred for persona safety and radiation protection.

Fig. 1.7. Arrangement for radiographic testing method.
1.1.2.6. Ultrasonictesting (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 metal-solid 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 isillustrated in Fig. 1.8.



The ultrasonic testing method is:

@
(b)

Used for detection of flaws in materials and for thickness measurement.
Used for the determination of mechanical properties and grain structure of materials.

Some of the advantages of ultrasonic testing are that:

@
(b)
(©)
(d)
(€)

It has high sensitivity which permits detection of minute defects.

It has high penetrating power which allows examination of extremely thick sections.
It has a high accuracy of measurement of flaw position and size.

It has fast response which permits rapid and automatic inspection.

It needs access to only one surface of the specimen.

Some of the limitations of this method are:

@
(b)
(©)
(d)
(€)
(f)

Unfavourable geometry of the test object causes problems during inspection.
Inspection of materials having coarse grain microstructure is difficult.

It requires the use of a couplant.

Defect orientation affects defect detectability.

Reference standards and calibration are required.

Rough surfaces can be a problem and surface preparation is necessary.

FIG. 1.8. Basic components of an ultrasonic flaw detection system.
(a) Pulse echo method
(b) Through transmission method.
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1.1.2.7. Leaktesting (LT)

The leak testing method of NDT includes several techniques to detect, locate and measure
leaks which have occurred in the pressure boundary or envelope of a component, vessel,
pipeline or piping component.

Many modern designs are based on the “leak before break” principle, in which critical
thicknesses and other dimensions are selected so that a vessel will crack and leak before the
crack grows to catastrophic proportions. In these applications, the ability to detect the leak at a
very early stage is important. In other applications, checking for a through leak is the only
way to fully assure the integrity of a component or weld.

The pressure envelope separates two areas which are or could be at different pressures. The
contained fluid will try to travel from the region of higher pressure to that of lower pressure.

The relative pressures may be natural or imposed (where the envelope is pressurized or the
potential exit point is subjected to avacuum as part of the inspection procedure.)

Techniques for leak testing include visual examination for escaping fluids or bubbles
(Figure 1.9), electronic sensing of the noise emitted by the escaping fluids, or chemica or
radiological detection of small quantities of contained fluids or fluids specifically introduced
as tracers (Figure 1.10).

FIG. 1.9. A simple bubble test for leak detection.
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FIG. 1.10. Portable Helium Leak Testing System.

The basic functions of leak detection are the detection, location and size measurement of |eaks
in sealed systems.

Advantages of leak testing include the following:

(@ It can be applied on-line, permitting continuous monitoring of critical operating systems.
(b) Basic equipment for the simple techniques is economical, portable and easily applied.
(c) Itisnonintrusive and can often be applied while the system is operating.

Limitations in the application of leak testing are the following:

(@ Only applicable to situations where a discontinuity has breached the pressure envelope.
(b) Not effective for the detection of cracks or other defects at an earlier stage.
(c) Wrong interpretation due to noise, liquid or other background contamination.

1.1.3. 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.
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TABLE 1.1. COMPARISON OF VARIOUSNDT METHODS

Equip Inspe
Technique  Accessrequirements ment  ction Remarks
cost  cost
Can be used to view
the interior of
Visual complex equipment.  B/D D  Veyversdtile; little skill required.

One point of access

may be enough.

Despite high cost, large area can be
Radiography r'\ggcsrtl tl?f)tahblsiec}gs A B/C inspected at onetime. Considerable
) skill required in interpretation.

Requires point-by-point search

Ultrasonics One side accessis B B/C hence extensive work needed on
sufficient. large structures; skilled personnel
required.

Only useful on magnetic materials
C C/D  such as stedl; little skill required;
cannot detect buried defects.

Magnetic Requires aclean
particle surface.

Requires flaw to be For all materials; some skill

Penetrant ggne;:;fp g e clean D C/D  required; only detects surface-
and at the surface). breaking defects.
For electrically conductive materials
Regires reasonably only; for surface breaking flaws;
Eddy current smooth and clean B/C C/ID variations in thickness of coatings,

or comparison of materials;
considerable skill isusually
required.

surface

" (A: Highest cost, D: Lowest cost)
1.1.4. New developmentsin NDT

Many modern developments in all areas of technology require use of stronger, lighter
materials, with other exotic properties and made of as little raw materials as possible. Thisis
aimed at increasing the efficiency, durability and reliability of components made of such
materials. There are stringent requirements for detecting and characterizing the extremely
small sizes of flaws. Consequently there is a great challenge to improve upon the existing
NDT techniques and develop new ones where required.

NDT has continued to play avital 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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NDT equipment has been made more reliable and sensitive to make it as independent of
operator errors as possible. This has led to a greater use of computers and automation. We see
most of the modern NDT with microprocessors and computers with enhanced capabilities for
data acquisition, analysis and image processing. There is a growing trend towards using
multiple transducers and multi-channel systems both for ultrasonic and eddy current testing.
Similarly the concept of using multiple methods of inspection simultaneously 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 the good quality assurance concept of making the products with zero defects. 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 infrared techniques. 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 integrateability, 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.

A few recent developmentsin some areas of NDT are briefly reviewed below.
1.1.4.1. Radiographic testing (RT)

With the availability of X ray tubes with focal spots as small as a few micros, high definition
microfocal radiography with magnification is possible.

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 and Digital Detector Arrays aso called Flat Panel Detectors
using semiconductors such as Europium-doped BaFBr and CM SO 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 be reused, for example, close to 1000 times. The
conventional fluoroscopic methods have moved into the digital domain through the use of
high quality image intensifiers. images can be directly photographed using the Charge
Coupled Device (CCD) cameras which convert visual signals to electrical signals that can be
processed by a computer. This offers the possibility of producing low cost real-time digital
radiographic systems as against more expensive systems. Computed Tomography, having the
capability of producing three-dimensional images of internal structures of specimens, is now
in use. High resolution Digital Micro-radiography is in the market; it uses X-ray machines
with micron level focal spots.
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Characteristics corresponding to those of conventional radiographic images have been defined
for digital images. The equivaent of optical film density is Signal to Noise Ratio (SNR). The
equivalent of film contrast is Contrast to Noise Ratio (CNR), that of film resolution and
granularity is Basic Spatial Resolution and that of dynamic range is Specific Material
Thickness Range. 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:

(@ 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.
1.1.4.2. Ultrasonic testing (UT)

Automated and remote control systems of ultrasonic examination have seen rapid
development and are now used in a wide range of industries in many different applications.
Such systems comprise 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 B-scan, 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 evauation of results can be done through
computerized systems thereby increasing the efficiency and reliability of data processing.

We have seen increased use of Time of Flight Diffraction (TOFD) and Synthetic Aperture
Focusing Technique (SAFT) for flaw characterization. TOFD depends on the principle that
when ultrasound is incident on 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. This is quite helpful in sizing such flaws. However, a more accurate
technique for flaw sizing may be found on signal processing based on a semi-empirical
approach of Weiner filtering with autoregressive spectral extrapolation using ultrasonic B-
and C-scans.

Another area which has seen increase in applications is the phased array technique, a process
by which 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, beam scanning at fixed angle, 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 ssimply
programme in the required inspection parameters. Usualy, a wedge is used to optimise
inspection angles and minimise wear. Phased arrays are particularly useful for regions with
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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.

Use of ultrasonic guided waves is suitable for bulk fast inspection of pipes over long distance
and can be efficiently used instead of conventional ultrasonic methods 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.

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, especialy 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. For this situation, air coupled
transducers such as bimorphic, electrostatic, piezoelectric and ceramic are being used.

Acoustic microscopy is the high resolution, high frequency ultrasonic testing technique that
produces images of features benesth the surface of a test object. Acoustic microscopes that
operate at up to and beyond 1 GHz frequencies have been developed. Because of such high
frequencies it is possible to obtain very high resolution and to study microstructure and
defectsin materials at micron levels.

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 in inspection of awide 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 do not limit the application of this technique.

1.1.43. Acoustic emission (AE)

Acoustic Emission is another technique with growing applications. It is commonly defined as
generation of transient elastic waves within amaterial 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. Commonly studied AE events in materia failure processes include the
extension of afatigue crack or fibre breakage in composite materials.

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 and its growth. A
group of transducers can be used to record signals and then locate the precise area of crack by
measuring the time for the sound to reach different transducers. The techniqueis also valuable
for detecting cracks forming in pipelines transporting liquids under high pressures.
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1.1.4.4. Eddy current testing (ET)

ET equipment has been developed combining high speed testing capabilities, with multi-
channel, 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.
Typicaly 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.

1.1.45. Visual Testing (VT)

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 other 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.

1.1.4.6. Infrared Thermography (IRT)

Infrared Thermography involves measurement of emissions and temperature variations on a
component. Application of IRT include predictive maintenance especialy 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.
Further development of IRT has been motivated by the introduction of composites and
surface-protected 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
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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.

1.1.4.7. NDT of concrete structures and other ceramic materials

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 Testing, Electrical Potential Method, Schmidt Rebound Hammer Test,
Windsor Probe Test, Electromagnetic Covermeters, Radiographic Testing, Ultrasonic Testing,
IRT, Ground Penetrating Radar (GPR), Radioisotpe 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 severa sguare metres have been developed
aong with a non-destructive 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.

1.1.5. Inspection methodology
1.1.5.1. 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:

@ Human factors such as application conditions, access and approach to the object.

(b) Equipment, its sensitivity, resolution and complexity.

(© 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:

@ Background on NDE Reliability.
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(b) M easurement Practice.

(© Vetting and ng existing databases of POD capability.
(d) Cdlibrations & transfer functions.

(e Selecting amode!.

() Understanding capability relationships behind POD curves.
(9) Understanding & addressing experimental variation.

1.1.5.2. Risk-based inspection (RBI)

A concept that has gained considerable importance recently is that of Risk-Based Inspection
(RBI) which is a realistic approach to an overall inspection programme. It defines the risk of
failure for al critica 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 comprising of utilities, vendors, R&D
ingtitutions, etc., continues to develop harmonized approaches for inspection qualification and
for risk-informed in-service inspection (RIISI). The widespread use of ENIQ documents has
been confirmed by an officia survey on nuclear safety performed under the European
Council, aswell as by the Western Nuclear Regulators Association (WENRA).

1.15.3. Life assessment and life management

NDT has proved to be of great value to perform the condition evaluation and subsequently the
lifetime assessment of components. For this a combination of non-destructive evaluation
(NDE), metallurgical evaluations, fracture mechanics and computational skills is necessary.
This provides information needed to evaluate the severity of cracks in components and, with
proper engineering analysis, sometimes provide an estimate of crack growth and the
remaining life of components. This cycle of evaluation can help to provide plant operators
with the ability to continue the operation of their equipment in a prudent manner even beyond
their originally designed life. This aso enables implementation of effective life management
of components.

1.1.5.4. Performance based qualification

Performance based qualification is becoming a necessity in view of the stringent inspection
requirements imposed by 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 1SO 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 ajob that consistently meets certain standards under
real working conditions. It places candidates in situations where they must demonstrate their
knowledge and practical skillsto reliably detect relevant discontinuities.

1.1.6. Responsihilities of levels of certification

Commonly used standards for qualification and certification of personnel define the
responsibilities of certified persons as follows:
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11.6.1. Leve-1

An individual certified to Level 1 has demonstrated competence to carry out NDT according
to written instructions as under the supervision of a 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:

@ Set up NDT equipment.

(b) Perform NDT.

(© Record and classify the NDT results of the testsin terms of written criteria.

(d) Report the results.

However, a person having a Level-1 certificate shall neither be responsible for the choice of
the test method or technique to be used nor for the assessment of test results.

1.1.6.2. Leve-2

An individual certified to Level 2 has demonstrated competence to perform non-destructive
testing according to established procedures. Within the scope of the competence defined on
the certificate, Level 2 personnel may be authorized by the employer to:

@ select the NDT technique for the test method to be used;

(b) define the limitations of application of the testing method,;

(© 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;

) interpret and evaluate results according to applicable codes, standards or
specifications,

(9) prepare written NDT instructions,

(h) carry out and supervise all tasks at or below Level 2;

(1) provide guidance for personnel at or below Level 2, and
() organize and report the results of non-destructive tests.

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,
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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 meta 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. 1.11. The end of the straight line portion is known as the elastic limit.
A point on the curve dlightly 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.

FIG. 1.11. Stress-strain curve showing elastic and plastic deformation and fracture.

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, which 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. The stiffness of any metal varies inversely
with its temperature; that is, as temperature increases, stiffness decreases, and vice versa.
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1.2.1.2. Srength

The strength of ametal isits 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 virtualy all
metals.

Thetensile strength of a material can be determined as:
Tensile strength = (Maximum load) / (Original cross - sectional area) (1.2)

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
astress-strain diagram (see Fig. 1.11). A stress-strain 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 stedl.

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.

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 aload 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 meta showing less than 20 per cent
elongation is said to have low ductility.
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1.2.1.5. 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 adie to form wire and other shapes.

1.2.1.6. Brittleness

A materia 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
(stressraisers).

1.2.1.7. 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 meta 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 loadsis not seemingly related to those properties. Of course, asarule, 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 apart 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.

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.

1.2.1.8. 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 ohnm. 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.
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1.2.2. Non-metallic materials
1.2.2.1. Ceramics

Ceramics offer unique properties as engineering materials, notably exceptionaly 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 dlip 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) dlumina, (ii) beryllia (beryllium oxide) and boron nitride, (iii) porcelain
(@uminium 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 practica 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 mechanica 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.

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 usualy 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.
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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 resin systems used with paper, cotton fabric, glass fabric and asbestos as the main
aternative reinforcing materials.

Ceramic and metal composites find severa applications in engineering industry.
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 arock. 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, reinforcement, 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 materias (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", which is formed among
similar metal atoms, when some electrons in the valence shell separate from their atom and
exist in a cloud surrounding al 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. 1.12).

Because the electrons are free to move in an electric field, metals conduct electricity. Because
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.
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FIG. 1.12. Schematic illustration of a metallic bond.
1.2.3.1. Crystal structure

All matter is considered to be composed of unit substances known as chemica 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 elementsin Group VII A, and N, O, Pand 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 atomsin 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:

(8 Body-centred 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. 1.13a. The body-centred cubic isa
strong structure, and in general, the metals that are hard and strong are in this form at normal
temperatures. These metals include, for example, chromium, molybdenum, barium, tungsten,
sodium and vanadium. Steel under 723 °C also has this structure, and is called aphairon or
ferrite.
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(b) Face-centred cubic (FCC)

Face-centred cubic cells consist of fourteen atoms with eight at the corners and the other six
centred in the cube faces Fig. 1.13b. This structure is characteristic of ductile metals, which
include aluminium, copper, gold, lead, nickel, platinum and silver. Iron, which is body-
centred cubic at room temperature, is also of the face-centred structure in the temperature
range from about 910°C to 1400°C and is called gammairon or austenite.

(c) Hexagona 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. 1.13c. The metas 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 nuclel. Fig. 1.14 illustrates the process of the formation of
grains and grain boundaries.

FIG. 1.13. Crystal structure types.
(a) Body-centred cubic (BCC)
(b) Face-centred cubic (FCC)

(c) Hexagonal close-packed (HCP).
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FIG. 1.14. Growth of crystals and grains during solidification.

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 alarger 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 (grain
border area), therefore, will be harder and stronger than a coarse-grained meta of the same
composition and condition.

1.2.3.3. Structureof alloys

An aloy is a substance that is composed of two or more chemical elements, of which at |east
one is a metal. Most commercially used metallic materials are not pure metals but aloys
which consist of more than one elements. Some of them may be non-metallic elements.
Fundamentally, three modes of arrangement of atoms or phases exist in aloys. These three
modes (phases) are pure metal, solid solution and inter-metallic compound. For simplicity of
illustration, an aloy with two elements A and B shall be considered in the following
discussion.

(@ Puremetd

There exist no B-atoms in A-crystal grains and no A-atoms in B-grains, i.e. mixture of pure
A- and B-crystal grains. A and B metals are mutually insoluble. This complete lack of inter-
solubility is theoretically amost impossible (The solubility of one component in another may
be exceedingly small but hardly zero).

(b) 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.
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FIG. 1.15. Schematic illustration of (A) substitutional and (B) interstitial solid solutions.

(o) Substitutional solid solution

A substitutional solid solution is a solution of two or more el ements 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. 1.15 (A). Examples of substitutional
solid solutions are gold dissolved in silver, and copper dissolved in nickel.

(d) Interstitial solid solution

Interstitial solid solutions are made up of alloying elements or atoms that differ greatly in size.
The aloying 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. 1.15 (B).
Small amounts of carbon, nitrogen, and hydrogen can alloy interstitially in iron and other
metals.

(e) Inter-metallic compounds

These are generaly 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 al 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 “alotropic transformation” or
“phase transformation”. Iron exists in three allotropic forms. BCC (below 1333°F or 723°C),
FCC (above 1670°F or 911°C), and delta iron (between 2550°F or 1398°C and 2800°F or
1538°C). The exact temperature is determined by the amount of carbon and other aloying
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 aloy containing less than
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two per cent carbon. The presence of carbon alters the temperatures at which freezing and
phase transformations take place. The addition of other aloying elements aso affects the
transformation temperatures. Variations in carbon content have a profound affect 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. 1.16. On
cooling, delta ferrite to austenite transformation occurs at 2535°F (1390°C) in essentially pure
iron, but in steel, the transformation temperature increases with increasing carbon content to a
maximum of 2718 °F (1492°C). Steels with more than 0.5 per cent carbon freeze directly to
austenite at a temperature below 2718°F (1492°C) and therefore, delta ferrite does not exist in
these steels. On further cooling, austenite transforms to ferrite plusiron carbide. Thisis 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 essentialy pure iron at
1670°F (910°C). In steel with increasing carbon content, however, it takes place over arange
of temperatures between boundaries A3 and A1, Fig. 1.16. The upper limit of this temperature
range (A3) varies from 1670°F (910°C) down to 1333°F (723°C). For example, the A3 of a
0.10 per cent carbon steel is 1600°F (870°C), while for a 0.50 per cent carbon sted! it is 143°F
0 (775°C). Thus, both at high and low temperatures the presence of carbon promotes the
stability of austenite at the expense of delta and apha ferrite. The lower temperature of the
range (A1) remains at 1330°F (723°C) for dl plain carbon steels, regardliess 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 (Fe;C), caled cementite. Ferrite and cementite in
adjacent platelets form a lamellar structure, known as pearlite.

Most of the common alloying elements added to steel further ater 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:

(8 Ferrite: A solid solution of carbon in alphairon.

(b) Pearlite: A mixture of cementite and ferrite that formsin plates or lamellae.

(c) Cementite: Iron carbide, FesC, present in pearlite or as massive carbides in high carbon
steels.

(d) Austenite: A solid mixture of carbon in gammairon.

(e) Leborite: An eutectic mixture of austenite & cementite.
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FIG. 1.16. Theiron-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 caled
bainite. It has 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 aloys
because the weld metal and parts of the heat-affected zone undergo this transformation.

1.2.4. Indications, discontinuities and defectsin 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.
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1.2.4.1. Inherent discontinuities

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 acast article.

1.2.4.2. Process discontinuities

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 may open to the surface.

1.2.4.3. Servicediscontinuities

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 aways 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 al 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 applicabl e documents then these are termed as ‘ defects'.

All the above discontinuities are described under the individual processes in Sections 1.3
and 1.4.

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. 1.17 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. 1.18.
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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 usualy 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. 1.19. 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 |ess 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 al the details here, only the principles and salient features of the
above mentioned processes of casting are briefly presented.

FIG. 1.17. Typical defectsin aningot.

FIG. 1.18. Typical primary material processes after casting.

(8 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
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allowed to solidify. In genera 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. Thisis usually a slow
and laborious process since hand ramming with loose pattern is usually used. Small and
medium 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. 1.19. Typical casting steps.

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.

The property of cohesiveness may be improved by adding to the sand some binders such as
clay, resins and gums and drying oil. The third important characteristic of the moulding sand
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is refractoriness which is its ability to withstand a high temperature without fusing. Pure silica
sand can withstand a temperature as high as 3148°F. The property of refractoriness can be
affected by impurities like metallic oxides.

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
sand and the gating arrangement completed, the mould cavity is filled with molten metal to
form the casting.

(b) 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 and meehanite with large graphite flakes are the most commonly used
materials 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 Al,O; 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.

(c) Diecasting

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.

— Hot chamber die casting

The melting unit is an integral part of the hot chamber machine, and molten meta is
introduced directly from this melting unit, by means of plunger mechanism into the die cavity.
The process is further characterized by a norma amount of superheat in the metal and the
need for a 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).
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. 1.20. shows hot chamber
die casting.
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FIG. 1.20. Hot chamber die casting.

—  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. 1.21. 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 aloys 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.

FIG. 1.21. Cold chamber die casting.

(d) 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 centrifuga force are
caled centrifugal castings. There are three recognized centrifugal processes, namely true
centrifugal casting, semi-centrifugal or profiled-centrifugal casting and centrifuged or
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pressure casting and are shown in Fig. 1.22. 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. Cast-iron 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. Semi-centrifugal 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 asin
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 aloy 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.

FIG. 1.22. 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 dimensiona 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 aso
called precision investment casting, precision casting or the lost-wax process and is shown in
Fig. 1.23.
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Various types and grades of wax are the common materials, used 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 aso be used as pattern materias. 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 atree like pattern is prepared. Thistreeis now dipped into arefractory sand,
placed in a meta 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.

FIG. 1.23. Steps for investment casting.

(f)  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
gjector pins, for the removal of shells from the surface of the pattern. Clean dry silicasand 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 formal dehydes, urea formaldehydes, and others.
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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
gjector devices. This stripping is sometimes a problem and can be overcome by using asilicon
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.

(9) 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. 1.24 molten metal enters at 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 shapesin small
Sizes can be cast in bar form and later sliced into multiple parts.

FIG. 1.24. Schematic diagram of continuous casting process.
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TABLE 1.2. COMPARISON OF CASTING METHODS (APPROXIMATE)

Sand Permanent Die- casting Centrifugal  Investment Shell
casting mould casting casting mould
casting casting
Relativecostinlarge oy Low Lowest High Highes  Medium
quantity
Relative cost for small Lowest High Highest Medium Low Low
number
Permissbleweightof —; iited  1001b 300 Ib Severdl 51b Unlimited
casting tons
Thinnest section
castable (mm) 3.25 3.25 1 125 0.25 3.25
Typical dimensional 16 0.75 0.25 16 0.25 0.25
tolerance (mm)
Relative surface finish Poor Good Best Fair Very good Good
Relative mec_hanlcal Fair Good Very good Best Fair Good
properties
Relative ease of
casting complex Fair Fair Good Poor Best Fair
designs
Relative ease of
changing designin Best Poor Poorest Good Good Good
production
Copper base Aluminium
Range of alloys that and lower base and
Unlimited . lower Unlimited Unlimited Unlimited
can be cast melting ot
referable meiting
P preferable

1.3.1.3. Casting defects

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 isto 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 gasin the
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molten metal is removed by a gas scavenging technique and by keeping casting ladles and
moulds dry.

(b) 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 il binder in the
mould and ensuring that cores are dry and properly baked and that the sand is properly mixed.
1) 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 meta is
deoxidized, by using more permeable sands, by ensuring that moulds and cores are properly
vented and by reducing pouring temperature.

(c) Piping
When this term is used in the foundry it refers to the gas inclusion defects encountered in
risers or within the casting proper.

(d) Inclusions

These are materia 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 genera 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.

(f)  Shrinkage

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 isa
form of void Fig. 1.25. 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.

(g) Hottears

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,
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avoiding abrupt changes in section and preventing the formation of intense hot spots by
designing with more uniform sections Fig. 1.26.

(h) 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.

(i) Cold shuts

These are discontinuities (aform 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. 1.27. 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.

FIG. 1.25. Formation of shrinkage defects.
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FIG. 1.26. Hot tears.

FIG. 1.27. 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.

(k) Misplaced core

An irregularity of wall thickness, e.g. one wall thicker than the other, can be detected by a
double wall technigque 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
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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 metalurgy 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 congtituents, by pressing or moulding objects which may be
simultaneously or subsequently sintered to produce a coherent mass, either without fusion or
with the fusion of a low melting constituent only’. Fig. 1.28 shows the steps ordinarily
required in the production of a part by the powder metallurgy process. Suitable powder must
first be produced. While theoretically any crystalline material may be fabricated by powder
metallurgy, the production of suitable powder has presented restrictions in many cases, either
because of difficulty in obtaining adequate purity or because of economic reasons. 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.

FIG. 1.28. 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 theoretica density for solid metal of the type being treated. Densities

44



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 aforce of its own.

1.3.2.3. Sntering

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. 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 particlesis 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 trestment. 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 equa to those of a similar material produced by fusion. Most commercia 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 machineability 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.
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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 3400°C, and 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 areain which powder metallurgy produces products not practical by other meansis
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 asfilters.

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 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
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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.
Findly, 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 processis
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.

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. 1.29. 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 areillustrated in Figs. 1.30 and 1.31 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. 1.30 (A).

Horizontal position (2G). The test plates are placed in an approximately vertical plane with
the welding groove approximately horizontal Fig. 1.30 (B).

Vertical position (3G). The test plates are placed in an approximately vertical plane with the
welding groove approximately vertical Fig. 1.30 (C).

Overhead position (4G). The test plates are placed in an approximately horizontal plane and
the weld metal deposited from the underside Fig. 1.30 (D).

Horizontal rolled (1G). The pipe is placed with its axis in an approximately horizonta plane

with the welding groove in an approximately vertica plane and the pipe is rolled during
welding Fig. 1.30 (A).
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FIG. 1.29. Types of welding joints: (a) square butt , (b) single-v butt , (c) double-v buitt , (d)
single-u butt , (e) double-u buitt , (f) square-t, (g) single-bevel t, (h) double-bevel t, (i)single-
ut, (j) double-ut, (k) single-bead lap , (I) double-bead lap.
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(C) TEST POSITION 3G, (D) TEST POSITIONING 4G, (E) TEST POSITION 5G, (F) TEST POSITION 6G

FIG. 1.30. Positions of plates and pipes for groove weld.

Vertical (2G). The pipe is placed with its axis in an approximately vertical position with the
welding groove in an approximately horizontal plane Fig. 1.30 (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. 1.30 (E)

Inclined fixed (6G). The pipe is inclined fixed (45°+5°) and not rotating during welding
Fig. 1.30 (F).

For fillet weldsin plates, different positions are defined as below:

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. 1.31 (A).

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. 1.31 (B).

Vertical position (3F). Each fillet weld is made vertically Fig. 1.31 (C).

Overhead position (4F). The test plates are so placed that each fillet weld is deposited on the
underside of the horizontal surface and against the vertical surface Fig. 1.31 (D).
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(A) FLAT POSITION (B) HORIZONTAL POSITION

(C) VERTICAL POSITION (D) OVERHEAD POSITION
FIG. 1.31. Positions of plates for fillet welds.

(@& Shielded metal arc welding (SMAW)

Shielded metal arc welding is an early arc welding process. It is one of the ssimple and
versatile processes for welding ferrous and severa non-ferrous base metals. Basicaly, 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 puddie,
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
processisillustrated in Fig. 1.32.

FIG. 1.32. Shielded metal arc welding process.

Covered electrodes are produced in a variety of diameters normally ranging from 2 mm to 8
mm. The smaler diameters are used with low currents for joining thin sections and for
welding in al positions. The large diameters are designed for conducting high currents to
achieve greater deposition rates in the flat and horizontal positions. Special aloy filler metal
compositions can be formulated with relative ease by the use of meta powders in the
electrode coating.

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

(b) 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. 1.33. 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, athough 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 al grades of carbon, low alloy, and aloy
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. 1.33. Submerged arc welding process.

(c) Gasmeta arc and flux cored arc welding (GMAW & FCAW)

Gas metal arc welding (GMAW/ or MIG/IMAG) 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 al of the shielding
gas is (argon, helium, CO2 or mixtures of these gases) supplied by an external source, as
shownin Fig. 1.34.
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FIG. 1.34. Gas metal arc welding process.

The original gas metal arc process consisted of a continuous operation requiring high current
densities to achieve a smooth transfer of molten metal.

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 al 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 isillustrated in Fig. 1.35.

FIG. 1.35. Flux cored arc welding.

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.
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(d) Gastungsten arc welding (GTAW)

Gas tungsten arc welding uses a non-consumabl e 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. 1.36 and is also sometimes called TIG welding.

FIG. 1.36. Gas tungsten arc welding.

Severa 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.

Thorium (Th) is radioactive with a long half-life and emits mainly apha (o) 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.
There is amost no release of radioactive material during arcing. However, to achieve
maximum arc stability the electrode tip is ground to a conica 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, as 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.
Generaly there are no regulatory restrictions on disposal of used thoriated electrodes by
conventional means. However, if large disposals are anticipated, it would be worthwhile to
have some preliminary discussions with the local landfill operator and the regulatory body
concerned.

(e) 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 processis illustrated in Fig. 1.37. Strictly
speaking it is not an arc welding process at all, because it actually depends on the electrical
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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
amolten 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,
(i) 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. 1.37. Electroslag welding process.

(f) 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. 1.38). In away it is aso 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.

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 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.

Typica applications of stud welding include securing specia 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.
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FIG. 1.38. Stud welding sequence.

(g0 Plasmaarcwelding (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. 1.39, 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 plasmais initiated by an internal low current pilot arc between the
electrode and the orifice. The pilot arc ionizes the orifice gasto 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. 1.39. Plasma arc welding.

(h) 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
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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 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. 1.40. In RSW, the welding current is concentrated at the point of joining
using cylindrical electrodes. Spot welds are usually made one at atime. In RPW, a projection
or dimpleisformed 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 usualy an
automatic process. Parts are clamped in place by a welding operator who ssimply 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. 1.40. Basic resistance welding methods.

(i) Oxyfuel gaswelding (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 meta 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
processisillustrated in Fig. 1.41.
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FIG. 1.41. 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.

(j))  Electron beam and laser welding

These methods 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 amost 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 ImR/hr. Actua
measurements made around e-beam welders do not usually exceed 0.05 to 0.1mR/hr at the
surface of the chamber.

(k)  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 non-
rotating work piece in contact with a rotating work piece under constant or gradualy
increasing pressure until the interface reaches welding temperature. The rotation is then
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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.

()  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.

(m) Brazing process

Brazing is a meta joining process where the base metal is heated to a temperature of about
425°C. Non-ferrous filler metals, such as brass or silver aloys, 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.

1.3.3.2. Wead 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 ater 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.

(& 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
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the gas to escape freely. Entrapment of the gas causes gas pockets and porosity in the fina
weld. The type of porosity within aweld is usually designated by the amount and distribution
of the pores. Some of the types are classified asfollows: Fig. 1.42.

(b) Pipeor 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 atree Fig. 1.43. 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 1.3.

(c) Non-metalicinclusions

These 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 dlag 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 genera
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 shown in Table 1.4.

(d) Tungsteninclusions

Tungsten inclusions are particles of metalic 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.

(e) Lack of fusion

Thisis due to the lack of union in aweld 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 ajoint
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 1.5.
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FIG. 1.42. Three types of weld porosity.
(a) Uniformly scattered porosity
(b) Clustered porosity
(c) Linear porosity.

FIG. 1.43. Piping in weld.



TABLE 1.3. COMMON CAUSES AND REMEDIES OF POROSITY

TABLE 1.4.

Causes Remedies
Excessive hydrogen, Use low-hydrogen welding process, filler

nitrogen, or oxygenin
welding atmosphere
High solidification rate

Dirty base metal
Dirty filler wire

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

Galvanized steel

Excessive moisturein
electrode covering or on
joint surfaces

High sulphur base metal

metals high in deoxidizers; increase
shielding gas flow

Use preheat or increase heat input

Clean joint faces and adjacent surfaces
Use specially cleaned and packaged filler
wire, and storeit in clean area

Change welding conditions and
techniques

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

COMMON CAUSES AND REMEDIES OF SLAG INCLUSIONS

Causes

Remedies

Failure to remove slag

Entrapment of refractory
oxides

Improper joint design
Oxideinclusions

Slag flooding ahead of the

welding

Poor electrode manipulative

technique

Entrapped pieces of electrode

covering

Clean the surface and previous weld
bead

Power wire brush the previous weld
bead

Increase groove angle of joint
Provide proper gas shielding
Reposition work to prevent |oss of
slag control

Change €electrode or flux to improve
slag control

Use undamaged el ectrodes
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TABLE 1.5. COMMON CAUSES AND REMEDIES OF INCOMPLETE FUSION

Causes Remedies

Insufficient heat input, wrong type or  Follow correct welding procedure
size of electrode, improper joint specification

design, or inadequate gas shielding

Incorrect electrode position Maintain proper electrode position

Reposition work, lower current, or
increase weld travel speed

Clean weld surface prior to
welding

Weld metal running ahead of the arc

Trapped oxides or slag on weld
groove or weld face

(f)  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 alack of fusion in the root of the weld or a gap left by the failure
of the weld metal to fill the root of a butt weld Fig. 1.44. 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. 1.44. Incomplete root penetration.

(g) 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
positionsin and around awelded joint Fig. 1.45.

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, these 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.
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Transverse cracks in base metal (No. 3 in Fig. 1.43) occur on the surface in or near the heat-
affected 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.

FIG. 1.45. Different types of cracks located in and around a welded joint.

—  Underbead cracks

These 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. 1.45).

— 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 aweld 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 asmall 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 afillet weld with an extremely convex bead.
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—  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. 1.45). 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
hat (No. 9 in Fig. 1.45). 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.

— Toeand root cracks

These cracks occur in the root area of the weld or near the boundary between the weld metal
and the parent metal (Nos5 and 8in Fig .1.45).

(h)  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. 1.46.

FIG. 1.46. Undercut.

(i) 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 downhand 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. 1.47.

FIG. 1.47. Root concavity.
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TABLE 1.6: 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

Change to new electrode; bake electrodes

Defective electrodes .
to remove moisture
" Reduce root opening; build up the edges
Poor fit-up with weld metal
Increase electrode size; raise welding
Small weld bead current; reduce travel speed
High sulphurbase e filler metal low in sulphur
metal

Angular distortion

Change to balanced welding on both sides
of joint

Crater cracking

Fill crater before extinguishing the arc; use
awelding current decay

device when terminating the weld bead

Hydrogen in welding

Use low-hydrogen welding process,

atmosphere preheat and hold for 2 h after
welding or post-weld heat treat
immediately
. Use low heat input; deposit thin layers;
Hot cracking change base me? 3 P &
Low ductility Use preheat; anneal the base metal

High residual stresses

Redesign the weldment; change welding
sequence; apply

intermediate stress-relief heat treatment

High hardenability

Preheat; increase heat input; heat treat
without cooling to room

temperature

Brittle phasesin the
microstructure

() Excessive penetration

Solution heat treat prior to welding

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 genera thisis not continuous but has
an irregular shape with characteristic hanging drops of excess metal Fig. 1.48.
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FIG. 1.48. Excessive penetration.

(k) 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. 1.49. 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. 1.49. Overlap.

(N Lamellar tearing

This is a phenomenon that occursin 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
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. This
results initially in de-cohesion of non-metallic inclusions and then ductile tearing at about 45°
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. 1.50.

66



FIG. 1.50. Lamellar tearing.

(m) Burnthrough

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 vessal. 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. 1.51.

FIG. 1.51. Burn through.

(n) 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 thejoint is not purged with an inert gas.

1.3.4. Forging processes

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 ahammer 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. 1.52.
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FIG. 1.52. Vertical forging press.

Forging may be considered under two categories. First where the working surface of the dies
isflat or of uniform curved contour and shaping is done by manipulation using tools of smple
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. Thisis 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 aso are hollow forged parts. For these, the centre metal of the
rough piece of proper sizeis either machined out cold (trepanned), or is punched out hot using
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. 1.53 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.
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1.3.5. Rolling processes

The flattening of metal between rollersis 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 initia
rolling of the cast ingot. Not only isit 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.

FIG. 1.53. Forging operations; (a, b) edding; (c) fullering; (d) drawing, (€) swaging
() back extruding; (g) punching.

Rolling mills are described according to the arrangement of the rolls. The simplest is the two-
high reversing mill Fig. 1.54 (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. 1.54 (c) the rolls rotate continuously in one direction. The roller beds rise and
fall to pass 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. 1.54 (d) and the cluster mill Fig. 1.54 (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 processis carried out at 1300°C and casting
discontinuities in the ingot are welded by the process thus making the slab homogeneous.
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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 usualy performed in a continuous
strip mill. The slab is reheated to 1300°C and passed through a water spray and scal e-breaking
rolls to remove the scale |eft 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 finaly coiled
ready for further processing. The re-rolling 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. 1.55.

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 alow 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. 1.56.

FIG. 1.54. Typical arrangements of rolls for rolling mills; (a) Two-high pullover,
two-high reversing, (c) three-high, (d) four-high, (e) cluster.

FIG. 1.55. Schematic drawing of strip rolling on a four-stand continuous mill.
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FIG. 1.56. Schematic drawing of a draw bench.

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 thefirst Fig. 1.57.

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
afloating mandrel or plug is used.

FIG. 1.57. Schematic wiredrawing equipment.
1.3.5.1. 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.

@ 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. 1.64.

(b) Seams

Surface irregularities, such as cracks, on the slab or billet are stretched out and Iengthened
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
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either continuous or broken straight lines. On round bar stock they will appear as straight or
dightly spiral lines, either continuous or broken.

(© Forging laps

Forging laps are the discontinuities caused by the folding of metal in a thin plate on the
surface of the forging. They areirregular in contour Fig. 1.64.

(d) 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. 1.64.

(e 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.

(f) 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.

(9) Hot tears

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.
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FIG. 1.64. Forging and rolling defects.

(h) 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. 1.64.

(1) 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.

()  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.

1.3.6. Extrusion processes

Another process which is similar to rolling is extrusion. In principle, extrusion is similar to
sgueezing toothpaste from a toothpaste tube. The raw materia is a heated cast billet of the
required metal. Usually thisis either a copper aloy, an auminium 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. 1.58 (a, b).
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FIG. 1.58. Types of extrusion.

The Mannesmann mills, plug rolling mills, three-roll piercing mills, and reeling mills are al'so
used for producing seamless pipe and tubing Fig. 1.59. The Mannesmann mill Fig. 1.59 (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 along mandrel containing a plug
Fig. 1.59 (b) have been widely adopted. This has led to the development of three-roll piercing
machines Fig. 1.59 (c) which produce more concentric tubes with smoother inside and outside
surfaces than the older Mannesmann design. A reeling mill Fig. 1.59 (d) which burnishes the
outside and inside surfaces and removes the slight oval shape is usually one of the last stepsin
the production of pipe or tubing.
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FIG. 1.59. (a) Mannesmann mill (b) plug rolling mill (c) three-roll piercing mill
(d) reeling mill.

1.3.7. Spinning processes

A method of making tank heads, television cones, and other deep parts of circular symmetry
is called spinning Fig. 1.60 (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. 1.60
(b) isavariant 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 = t, Sin a.
This process is also known as power spinning, flow-turning, and hydro-spinning. It is used for
large axi-symmetrical conical or curvilinear shapes such as rocket-motor casings and missile
NOSe CONes.
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FIG. 1.60. Schematic representation of spinning processes
(@) manual spinning (b) shear spinning.

1.3.8. Shearing and blanking

Shearing is the separation of metal by two blades moving as shown in Fig. 1.61. 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. 1.61
(@, (b). Note that even with proper clearance there is still distortion at a sheared edge.
Insufficient clearance will produce a ragged fracture and aso 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.

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 previousy 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.
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FIG. 1.61. Shearing of metal; (a) proper clearance (b) insufficient clearance (c) excessive
clearance.

1.3.9. Bending processes

Bending is the process by which a straight length is transformed into a curved length. It isa
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. 1.62. 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 el astic 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.

1.3.10. 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. 1.63. Generally a clamping or hold-down pressure is required to press the blank against
the die to prevent wrinkling. This is best done by means of a blank holder or hold-down ring
in a double action press.
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FIG. 1.62. Definition of terms used in bending.

FIG. 1.63. Deep-drawing of a cylindrical cup; (a) before bending, (b) after drawing.
1.3.11. Finishing processes and related defects
1.3.11.1. Machining process

Machining is a shape-producing process in which a power-driven device causes materia 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
inFig. 1.65.

1.3.11.2. Turning and boring

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 istermed as facing.
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1.3.11.3. Dirilling

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 adrill press. The principal work is
the making of, or enlarging of, cylindrical holes.

1.3.11.4. Milling

There are a great variety of milling machines which like the drill press employ specia multi-
edge 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.

1.3.11.5. Sraight line machines

One group of machine tools provides 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 specia 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. 1.65. Feed and cutting motions.
1.3.11.6. Grinding processes

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 usualy 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,

79



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 whesl.

1.3.12. 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 1.66. 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 owly heated to about 1000°C and
allowed to cool in air.

FIG. 1.66. Temperature ranges for various heat treating processes.

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.

80



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
austenti zation.

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).

1.3.12.1. 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 fulfill 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 aso 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 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 factorsinvolved.

Satisfying the above objectives necessitates the use of many surface finishing methods that
involve chemical change of the surface, mechanica work affecting surface properties,
cleaning by a variety of methods and the application of protective coatings, organic and
metallic.

1.3.12.2. 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
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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. Thisis 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 aready 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.

1.3.12.3. 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 alow alloy or plain low
carbon steel. If an aloy 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
illustrated in Fig. 1.67.

FIG. 1.60. Typical heat treatment cycle for carburizing.
1.3.12.4. 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 specia high capacity gas burners or oxy-
acetylene 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 israised, by the rate of heating, and by the time that passes before quenching.
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1.3.12.5. 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
afinal polishing touch using aflexible abrasive wheel. Buffing is akind of polishing process.

1.3.12.6. Coatings

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
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amosphere. 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.

1.3.12.7. Metallizing

Metal spraying or metalizing is a process in which metal wire or powder is fed into anoxy-
acetylene 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, auminium, 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.

Severa 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-metal s by electroplating,
when suitably prepared. Thisis 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 Fig. 1.68. 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 meta to be
deposited in the solid state. At the positive electrode, or anode (plating metal), metal goesinto
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.
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FIG. 1.62. Electroplating.
1.3.12.8. Chemical treatment

A relatively smple 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 electricaly 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.

1.4. Materials in service
1.4.1. Behaviour of materialsin 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 which 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.
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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 especialy 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, al 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 metas 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 isleft in afurnace for alength of time. The black scale
is actually aform of iron oxide, called magnetite (FesO4). 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 formsis
so porous 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 sat water and acid or akaline 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
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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 ssmply 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 avery 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.

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.
Thisis 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. 1.69. But 10 million loading cycles are
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usually considered enough to establish fatigue limits. The number of cyclesleading 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. 1.69. Typical fatigue curves for ferrous and non-ferrous metals.

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 al machine and
structure failures have been caused by some form of fatigue. Fatigue failure is caused by a
crack that isinitiated by a notch, bend, or scratch that continues to grow gradually as a result
of stress 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 grestly
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.

FIG. 1.70. Fatigue cracks.

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 adistinct stress raiser such as anotch 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 aimost simultaneously at opposite surfaces
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when the surfaces are equally stressed. The cracks proceed toward the centre at similar rates
and result in afracture 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 aso 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 alowing further attack. It is arather smplified
explanation that the microstructure at the surface of the meta 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 aloys the technical fatigue limit generaly 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 (Fig. 1.70).

1.4.2.3. Creep

The progressive deformation of a material at constant stress is called creep. To determine the
engineering creep curve of ametal, 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 smplein principle, in
practice 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. 1.71 illustrates the idealized shape of a creep curve. The slope of this curve
(de/dt) is referred to as the creep rate. Following an initial rapid elongation of the specimen,
€0, 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.
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FIG. 1.71. Typical creep curve showing the three stages of creep A,
constant-load test; curve B, constant-stress test.

In making an engineering creep test, it is usua 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 usualy 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 Il 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 aperiod 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 changesin the phases that are present.

1.42.4. 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
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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 materia is soft. Meta is torn off if the materia 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 stedl 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 residua 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
isseen as afine crack or as small piecesfalling 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 smply to harden the part. Also, the part can be surface hardened by diffusion
of a material, such as carbon or chrome, into the surface of the part. Parts can aso be
metallized, hard faced, or heat treated. Other methods of limiting wear are electroplating
(especidly 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 aloys 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
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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 severa types of welding operations, and it is
simply a hard type of meta 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.

1.4.25. Overload

Overload failures are usually attributed to faulty design, extraloads 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 thisis adesign error and can
ultimately result in breakdown.

Basicaly 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 commercia 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 aregular, 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
atomsin crystals. In a polycrystalline metal slight deformation causes no permanent changein
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.

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
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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 sgqueezed 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 loca stress raisers in the materia. 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 aready been mentioned brittle metals aways 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 atensile fracture of a brittle metal has a fracture plane that
is essentialy straight across. It also usualy 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 chevron-
shaped 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); thisis 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.

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 a 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 embirittling 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
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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. Specia 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 classica example is provided by the internal notches due to graphite flakes
in cast irons. The flakes embirittle 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 alowed to form in
spheroida rather than flaky form. This can be done by aloying 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, specially cracks,
reaches a certain critical size.

1.5. Quality and standardization
1.5.1. Definition of quality, quality control and standardization
1511 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 usualy 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,
shape and design, physical properties of strength and toughness, appearance, environmental
properties, i.e. response to service conditions and presence or otherwise of interna 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 abnorma and short-term circumstances. However, if the customer's
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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 |ess 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.

15.1.3. Sandardization

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 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 ssimple terms the
otherwise complex and time consuming process of formulation and issuance of codes and
standards.
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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 ssmple products such as nails or pipe
fittings. Regardless of the product or service involved, the essentials of an effective quality
assurance system include:

@ 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.

(© Written procedures that cover al 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 dlips, 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.

(9) Schedules for periodic calibration of inspection equipment.
(h) Schedules for retaining important records.
(1) Programmes for training and qualification of key production and inspection personnel.

() 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 pointsin the process flow.

() A system for periodic audit of any or al of the above by persons having no direct
responsibility in the area being audited.

The quality assurance system is an evauation or audit of each one of these subsystems to
determine how effectively the functions are being performed. Evauations are usualy
conducted each year to determine which elements and subsystems need improvement. The
overal rating provides a comparison with past performance or with other plants of a muilti-
plant corporation. These subsystems are briefly described in the following sections.
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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 professiona 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 nationa 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.

15.2.3. Wkitten 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 ayear or more.

15.2.4. Control of document flow

The origina 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 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
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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 |ocation, 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:

(@ 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 dightly out of tolerance and their usefulness is not
impaired. Even so, al 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 judgment. In some companies, the
authority of the materials review board is limited to merely deciding whether or not non-
conforming materia 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 alot 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. 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
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for small hand instruments such as micrometers, each testing machine or instrument should be
plainly labeled 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 ssimplest form that will permit a trainee
to understand exactly what the job is and how it isto 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.
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1.5.2.12. Quality audit

Quality audit is an independent evaluation of various aspects of quality performance to
provide information with respect to that performance. Quality audits are usualy 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 regul ate.

Purpose of audit isto provide assurance that:

(@ Procedures for attaining quality are such that, if followed, the intended quality will be
obtained.

(b) Products arefit for use and safe for the user.

(c) Lawsand regulations are being followed.

(d) Thereisconformance to specifications.

(e) Written procedures are adequate and being followed.

(f) Thedatasystem 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 areais audited. The time taken depends on the size of the organization. For a small

NDT organization one could audit the following:

(@ 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) Cdlibration of equipment.

(g) Contract administration.

(h) Sdfety.

(i) Accounting.

(j) Office administration, e.g. wages, leave, superannuation.

(k) Organizational structure.

(I) 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
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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. Thiswill in part ensure long range viability of
the business enterprise.

1.5.3. Examination, testing and inspection
15.3.1. Examination and testing

Examination and testing are those quality control functions which are carried out, during the
fabrication of an industria 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-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. Standards, codes, specifications and procedures
1.5.4.1. 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 hon-mandatory sections or appendices, the use
of referenced guides and recommended practices by them, are at the user’ s discretion.

15.4.2. Sandards

Standards are documents that govern and guide the various activities occurring during the
production of an industria 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.
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1.5.4.4. Procedure

In non-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. Reportsand records
1551, 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:

(@) 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.

15.5.2. 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.
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2. PHYSICAL PRINCIPLES OF THE TEST
2.1. Gases

There are three states of matter: solid, liquid and gas. The gaseous state is the most useful for
leak detection, however liquids can also be used in some specific applications. The contained
matter can be in gaseous, liquid or solid state.

In the context of this training manual, it is important to understand that gases can be the gases
used for testing, or gases which constitute the contained substance. It is also important to note
that safety dictates that there be no contact between oxidizing gases (i.e. oxygen or chlorine)
and gases (or other materials) containing hydrocarbons.

211 Typesof gases

It is convenient to recognize three classifications of gases. These are oxidizers, inert gases,
and flammable gases.

Oxidizers are not flammable by themselves but will contribute to combustion as an oxidant.
Examplesinclude air, chlorine, fluorine, nitric oxide, nitrogen dioxide and oxygen.

Inert gases do not take part in combustion processes and they do not react with other
materials. Examplesinclude argon, carbon dioxide, helium, neon, nitrogen, and xenon.

Flammable gases, when mixed in the right concentrations with an oxidizer, will burn or
explode if ignited. Some examples include acetylene, ammonia, butane, carbon monoxide,
hydrogen, propane, and methane.

2.1.2. General equation of gases

A series of laws or standard formulae have been developed to explain the behaviour of gases
as the temperature, pressure and concentrations are changed. While these relationships can be
applied to test or contained gases, they are individually based on maintaining one or more
properties constant.

2.1.3. Ideal gaslaw (formula and application)

Theideal gaslaw appliesto al ideal® gases and mixtures of ideal gases. It is based on several
more basic laws (Boyle's law, Charles’ law, and Avagadro’s principle) which explain the
relationships between volume and pressure, volume and temperature, and volume and
guantity respectively. The genera equation combines al variables into one equation, which
becomes the equation of state for a classical ideal gas.

Theidea gaslaw is expressed as:
PV =nRT (2.1)

where

L Anideal gas is a theoretical gas composed of a set of randomly-moving, non-interacting point particles. Most gases
act asideal gases within normal temperature and pressure ranges.
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P isthe pressure

Visthe volume

n is the amount of substance of the gas (in moles)
Risthe gas constant (8.314 J-K 'mol™)

T isthe absolute temperature

2.1.4. Pressurization of gases

The relationship between pressure and volume and temperature for gases is an important
consideration for leak testing. From this law, we understand that at a given temperature,
pressure and volume are inversely proportional. That is, if the pressure increases, the volume
decreases, and vice-versa. If temperature is increased, then the pressure-volume combination
must increase so pressure increases if volume is kept constant or volume increases if pressure
is kept constant or both components may change. The practical meaning of this can be
illustrated by considering a simple gas cylinder, such as that used for cooking gas or propane.
The container is fixed in volume; therefore if heat is applied to the contents, then the pressure
will increase. Most containers for which leak detection is considered will be fixed in volume.

Fluid pressure is defined as a force per unit area. In liquids and gases, the pressure at a given
point is the samein all directions. In general, for all gases and liquids the greater the depth of
immersion, the greater the internal pressure. Gas pressure is a measure of the work done to
compress gas into a specific volume, and to contain it at that volume.

It helps to consider that one mole (a measurable quantity) of gas will, if unconstrained,
occupy 22.4 litres of volume. Any restraint imposed, such as containment, will result in the
gas applying aforce to its containing envel ope.

2.1.5. Effectsof temperature, atmospheric pressure and vapour pressure

In accordance with the Ideal Gas Law, any increase in temperature, if volume is constant, will
result in an increase in pressure, directly proportional to the increase in temperature.

Atmospheric pressure is the pressure exerted by the total weight of the blanket of gas that
surrounds the planet, distributed evenly over all surfaces that support the blanket, in direct
proportion to the area of the surface. This pressure is expressed in pounds per square inch or
Pascals.

Vapour pressure is the pressure exerted above a liquid as its molecules leave and return to the
surface.

When a solid or a liquid evapourates to a gas in a closed container, the molecules cannot
escape. Some of the gas molecules will eventually strike the condensed phase and condense
back into it. When the rate of condensation of the gas becomes equa to the rate of
evapouration of the liquid or solid, the amount of gas, liquid and/or solid no longer changes.

The gasin the container is said to be in equilibrium with the liquid or solid.
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From these considerations, it can be noted that there is an atmospheric pressure that results
from the amount of air supported by the surface. This pressure is generally accepted to be
15 pounds per sguare inch at sea level. If the vapour pressure in a closed container is the
same as the atmospheric pressure, it can be seen that there is no extra force to be exerted, the
gases on the two sides of the container are the same, and leaks will not occur.

If the vapour pressure inside the container exceeds the atmospheric pressure, then a breach
will result in the escape of the contained gas. If on the other hand, the container is kept at a
pressure below the atmospheric pressure (in avacuum), then a breach will result in the outside
gas, air, being drawn into the container.

2.2. Basic knowledge of leaks and leakage
2.2.1. Basic knowledge of leaks and leakage through a confining wall

Some terms used in this manual are specific to the leak testing method. Reference is made to
the pressure envelope or pressure boundary. Any opening across this boundary is referred to
as a breach. Movement of any material, gas, liquid or solid, across this pressure boundary
(through this breach) is a leak. The direction of movement of this material across the
boundary is the leak path.

In more formal terms, any undesirable interconnection between isolated parts of a system or
between two systems is a leak. A leak is suspected if there is any abnormal behaviour of a
system, such as loss of pressure, contamination of product or loss of process efficiency. A
leak could be the result of an unintended crack, hole or porosity in an enveloping wall or joint.
Leak testing might also be a quality assurance method, to prove the integrity of the pressure
boundary.

There is an increasing need for products and technologies that for their realization require
hermetically closed elements, vessels and tubes. Leaks create serious problems in process
plants or in pipelines, spoiling the quality of the final product, rendering the entire process
inefficient due to content or coolant losses, or reducing the transportation capacity of water or
commodity pipelines. If a small leak remains undetected, it could become a major leak,
catastrophic in its effect on ground water, streams, or soil.

A leak, therefore, is an ‘unintended’ breach of a fluid envelope such as a pipe or tube, a
vessel, a membrane, a container or, generally a confining wall. A leak allows contents to
either leak out from the containment or to be contaminated by allowing entry to an external
component. Leaks are generally specific to fluids: liquids and gases, however there are other
applications where the contained materia is a solid, such as a powder or durry, aslong as it
flows. It is aso important in an increasing number of applications to measure the leak rate,
perhaps to determine the significance of the breach.

2.2.1.1. Mechanism of outgassing

Outgassing is the release of a gas that was dissolved, trapped, frozen, absorbed or adsorbed in
some material. It can include sublimation and evapouration which are phase transitions of a
substance into a gas, as well as desorption, seepage from cracks or internal volumes and
gaseous products of slow chemica reactions. Boiling is generally thought of as a separate
phenomenon from outgassing because it consists of a phase transition of aliquid into a vapour
made of the same substance.
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2.2.1.2. Real leaks and virtual leaks

Virtual leaks are leaks which are a source of gas being released slowly within the envelope.
Aninternal weld crack would be an example. It would be pressurized due to a pressure test or
due to operating pressures. The trapped gas, in its own little pressure “container”, will slowly
return to the main container, at arate determined largely by the physical dimensions of the gas
trap and potential flow paths, and the pressure differentia between the trap and the main
chamber.

There are four general categories of virtual leaks. gaps, cracks, surface contacts, and trapped
pockets. The significant difference between a real leak and a virtual leak is that the virtual
leak does not exit the test envel ope.

2.2.1.3. Pressure-timerelationship

The effect of time on the pressure within the pressure boundary will depend on the rate of
flow through the leak. This in turn depends on the type of fluid flow in the leak, and the
pressure differential. In general, one would expect to see pressure drop gradually with time.

2.2.1.4. Different types of fluid flow in the leakage

Different basic laws relate leakage rate to pressure difference across the leak, the range of
absolute pressures involved, and the nature of the fluid escaping through the leak. The three
types of gasflow are:

(i)  Viscous flow, which typically occurs in probing applications with gases leaking at
atmospheric or higher pressures

(i)  Molecular flow, which usually occursin leaks under vacuum testing conditions.

(ili) Transitiona flow, which occurs under test conditions intermediate between vacuum and
pressures higher than atmospheric pressure.

Liquid phase leak detection systems include water based systems and oil based systems, and
usually carry adye for ease of visible leak location.

2.2.2. Leak conductance

The property of a gas flow system that permits gas to flow is called conductance.
Conductance (C) is analogous to electrical conductance (G-the reciprocal of electrical
resistance R).

With gas flow through the conductance of a leak path, the flow rate Q is analogous to the
electric current i. The pressure drop (R:-R2) over the length of the path is similar to the
voltage drop across a resistance in an electrical circuit, V. The gaseous conductance of a
tubular passageway permits the leakage of a gaseous constituent when the pressure drop exists
between the ends of passageway.

2.2.2.1. Sensitivity of detector and sensitivity of test

Whileit is possible to tabulate the rel ative sensitivities of the leak testing techniques, any such
tabulation must as well consider other factors which influence the test, such as geometry,
sampling efficiency, tracer economy and noise (or contamination).
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2.2.2.2. Calculation of leakage

The leakage rate will depend on the type of gas flow, the pressure differential, and the size of
the breach. The leak detection system used will dictate whether it will be possible to actual
calculate leakage rate. It is clear that in many applications it is sufficient to know that a leak
exigsts.

2.2.2.3. Calculation of conductance from nomograms and conductance in seriesand in
parallel

A nomogram is a graphic calculating device used to closely estimate a third value from two
known values. Typically, the nomogram consists of two vertical scales which represent
known values, and a third vertical scale from which a result can be obtained. A straight edge
connects the two known values; on the third scale, the point where this straight edge crosses
the scale is the derived vaue. In fig. 2.1, the example quoted has a fixed length of pipe, and a
desired conductance (C), so a line connecting the two values is extended to determine the
necessary diameter (fourth scale, d).

Nomograms are widely used in the calculation of fluid flow rates and can be effectively used
in the calculation of leak rates.

Because fluid conductance (G) and electrical resistance (R) have similarities, it is possible to
use this relationship to model the effect of parallel and series fluid paths.

TABLE 2.1. RELATIVE SENSITIVITIES OF SPECIFIC LEAK TESTING TECHNIQUES
Minimum Detectable

Technique Leakage Rate, Mbar- Comments
L/s
Good overall quantitative measure, no information on
Pressure Change T .
Time limited location.
(Mass Loss)
Acoustical 10° Leak detection only, fast, can detect from a distance.

Chemical Penetrants 10° Simple to use, good for location, requires cleanup.

Bubbles 10° For leak location, requires clean up

Thermal Conductivity ~ 10° Simple, compact, portable, inexpensive. Operatesin air.

Operatesin air, sensitive, portable loses sensitivity with use,
Halogen 10° sensitive to ambient halide gases

Most accurate for vacuum testing, expensive, relatively
Mass Spectrometer 10° complex.

Requires aradioactive material with associated handling

Radioactive Tracers 1010 restrictions and control.
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FIG. 2.1. Nomogram used to cal culate conductance through a fluid path.

Resistance, by definition, is the measure of ‘friction’ a component presents to the flow of a
fluid through it.

Mathematically, conductance is the reciprocal, or inverse, of resistance:

Conductance= ; (2.2)
Resistance

The greater the resistance, less the conductance, and vice versa. In a parallel circuit, having
multiple paths (branches) for fluid flow reduces total resistance for the whole circuit, as

108



electrons are able to flow easier through the whole network of multiple branches than through
any one of those branch resistances alone. In terms of resistance, additional branches result in
a lesser total (fluid flow meets with less opposition). In terms of conductance, however,
additional branches resultsin a greater tota (fluids flow with greater conductance):

Total parallel resistance is less than any one of the individual branch resistances because
paralel resistors resist less together than they would separately, as depicted in fig. 2.2:

/
E% SRR3R 3K

R..:o IS less than R,, R,, R,, or R, individually

FIG. 2.2. Multiple flow paths result in lower resistance.

Total paralel conductance is greater than any of the individual branch conductances because
parallel resistors conduct better together than they would separately as depicted in fig. 2.3:

/
J 26, 2a 36 2o

w18 greater than G,, G,, G, or G, individually

G,

0

FIG. 2.3. Parallel flow pathsresult in greater total flow. This example uses the analogical
equivalence between electrical current and fluid flow.

Thetotal conductance in aparallel circuit is equal to the sum of theindividual conductances:
Gow =G+ G, +G;+G, (2.3

Similarly, for aseries fluid flow circuit, it can be shown that the conductance is the reciprocal
of thetotal resistance. In this case the resistances are added together.

An example of a parallel flow path would be multiple leaks in a boiler header, as shown in
fig. 2.4. A series flow path would be the flow of a fluid through pipes of varying diameters,
each diameter contributing to the total resistance.

109



FIG. 2.4. Leaking tube to header welds provide multiple parallel leak paths.
2.2.3. Definitions and units
2.2.3.1. Unitsof pressure, volume and flow rate in leak testing

For many applications of leak testing, the objective is simply to detect whether leakage is
occurring and perhaps, to locate the exit point of the leak.

For other applications, it is desirable or even critical to assign a quantity to the leakage, to
identify the rate of loss and hence the criticality of the escape. The leakage rate indicates how
much gasis flowing through aleak per unit of time.

The significant quantitative measurement resulting from leak testing is the leakage rate or
mass flow rate of fluid through one or more leaks. Since the volume and pressure are mutually
dependent, it is necessary, when specifying the volume of aleak in a volume unit (Litre) per
unit of time (sec), to also specify at which pressure this volume exists.

Let us take the example of asingle litre of gas which isheld in a container under a pressure of
10 bars. After it has flowed through a leak in the wall of the container to the outside world,
then, under normal atmospheric conditions (1 bar absolute pressure), it will take up a volume
of 10 litres. With liquids, a statement of the volume is sufficient to describe the amount of
liquid, but with gases the compression factor has to be taken into account.

L eakage rate thus has dimensions equivalent to pressure times volume divided by time.
In considering leakage rate units, it is useful to look at their components.

Pressure is expressed in atmospheres (atm), in bars, torrs, pounds per square inch (psi), or
Pascals (Pa), often depending on local custom and history.

Volumeis expressed as litres (L), cubic centimetres (cc), or cubic metres (m®).

One common unit system measures leakage rate in terms of Pascal-cubic metres per second
(Pa-m®/s). In this publication, however, the more internationally accepted unit, the millibar-
litre/s (mbar-L/s) system is used.
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The equivalence of some of the most used unitsis listed below.

Volume:

1L =1000cc=10°cc
1cc=10°L
1m®=10°cc=10°L

Pressure:

The term ‘standard’ (std) means at atmospheric pressure asin: std-cc/s, defining the pressure
at which the volume is measured.

1 bar = 1 am (1 mbar=10" bar)

1 mbar = 100 P&; 1 Pa = 0.01 mbar

1 mbar-L = 1 bar-cc = 100 Pa-cc;

1 atm = 760 torr (used for vacuum measurements)

2.2.3.2. Relationship between the main measurement units

The principal unit used in this publication for the measurement of leakage is the mbar-L/s.
Thisisequal to std — cc/s, and to 10 Pa-m?/s.

1mbar - L/s=1std-cc/s=10Pa-m?®/s (2.4)
2.2.3.3. Measurement of vapour pressure

Vapour pressure is measured in the standard units of pressure. The International System of
Units (SI) recognizes pressure as a derived unit with the dimension of force per area and
designates the pascal (Pa) as its standard unit. One pascal is one newton per square meter
(N-m2orkg-m™*s?).

Experimental measurement of vapour pressure is a simple procedure for common pressures
between 1 and 200 kPa. Most accurate results are obtained near the boiling point of
substances and large errors result for measurements smaller than 1 kPa. Procedures often
consist of purifying the substance to be tested, isolating the substance in a container,
evacuating any foreign gas, and then measuring the equilibrium pressure of the gaseous phase
of the substance in the container at different temperatures. Better accuracy is achieved when
care is taken to ensure that the entire substance and its vapour are at the prescribed
temperature. Thisis often done by submerging the containment areain aliquid bath.

2.3. Tracer fluids

Tracer fluids are gases or liquids that are added to the contents of a pressure envelope for the
specific purpose of identifying leaks. Tracer fluids are selected to produce an odour, colour or
other detection enhancing property, thus enabling the timely detection of aleak of a substance
which is odourless or otherwise undetectable.

2.3.1. Liquid and gaseous tracers

There are a wide range of tracer fluids, depending on the industry, the application, and the
precision required. Tracer fluids must have certain physical properties, they should be
nontoxic and easy to handle. There must be no chemical interaction between the tracer and
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the contained fluid. They must offer an easy means of detection, perhaps through odour or
enhanced visibility.

2.3.2. Physical principlesfor the detection of different types of tracers

Odour based tracers are detectable through human or electronic sniffers. Visible tracers are
detectable by the aided (such as by a boroscope or video camera) or unaided human eye
because their colour has been chosen to present a strong contrast to the background of the
system.

2.3.3. lonization of gases and mass spectrometry

lonization is the physical process of converting an atom or molecule into an ion by adding or
removing charged particles such as electrons or other ions. A positively-charged ion is
produced when an electron bonded to an atom (or molecule) absorbs enough energy to escape
from the electric potential barrier that originally confined it, thus breaking the bond and
freeing it to move. The amount of energy required is called the ionization potential. A
negatively-charged ion is produced when a free electron collides with an atom and is
subsequently caught inside the electric potential barrier, releasing any excess energy.

The result of the ionization process is the presence of ions which can then be detected.

A mass spectrometer is used as a very sensitive instrument for determining the existence of a
leak and to pin-point its exact location in industrial components. For components under
pressure, helium gasis added at a suitable test pressure.

Measurement at locations where helium may leak is then carried out using a portable helium
mass spectrometer. The sensitivity of this method is up to 10°° mbarL/s.

The mass spectrometer works by deflecting gas particles through a magnetic field which
deflects the ionized particles. When helium is added to the contained gas, the mass
spectrometer measures the mass of helium ions that are escaping the envel ope.

2.3.4. lonizing radiation

lonizing radiation is radiation with enough energy that, during its interaction with an atom,
can remove tightly bound electrons from the orbit of an atom, causing the atom to become
charged or ionized.

The use of radioactive materials as tracer materials builds upon two factors. Firstly, the state
of the art of radiation detection is such that very minute quantities of radioactive materials can
be easily detected. Secondly, the introduction of a radioactive tracer into a pressure envelope
(or transport system) will result in no chemical interaction with the product, no long term
changesin the product and an easily dispersed tracer material.
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3. TEST TECHNIQUES
3.1. Characteristics of methods and techniques of leak testing

The leak testing method collates a number of conventional and unconventional NDT methods
to address a common function—the detection, location and measurement of leaks. Each of
these methods is considered to be a technique within the LT method, and each has
characteristics that dictate its use in different applications. It is convenient to compare
sengitivity, and to this end, a standard unit of leak rate has been adopted for this publication.
This unit is mbar-L/s (equivalent to atms™).

Visual examination as a formalized NDT method is carried out in all industrial plants, either
looking for or accidentally discovering leaks of process fluids. (No instrument is necessary to
observe a puddle of fluid underneath a vessel.)

Overpressure tests (hydrostatic tests) are regularly performed on pressure vessels, hydraulic
components and a wide variety of pressure containing equipment. If the test is performed with
aliquid, one can examine for leakage or wetting due to the escape of the pressurizing fluid. If
the test is performed with a gas, then it is common to coat the area of inspection with a
suitable fluid and to watch for the formation of bubbles. This technique permits the detection
of leaksin the order of 10” mbar-L/s (refer to Table 2.1).

The systematic observation of pressure change can reveal |eakage of a pressurized vessel or a
vacuum system. The system can use on-line pressure gauges to record pressure drops, or a test
liquid can be coated on the outside of a vacuum container, and its effect on internal pressure,
asit isdrawn through any leak, can be noted.

It may be convenient to use a change in a chemical reagent as an indicator of a leak. For
example, leaking ammonia gas may be detected by its reaction with hydrogen chloride
producing dense white fumes of anmonia chloride.

Fluorescent or visible dye liquid penetrants are widely used for the detection of flaws which
are open to the surface. They can equally applied to the detection of leaks. A low viscosity
fluid has a high degree of surface migration; it can be painted on one side of a surface and the
opposite side is observed for seepage. It can also be added to aservice liquid asatracer. The
technique is simple, low cost, and the sensitivity can be as high as 10° mbar-L/s.

Leaks emit sound of a frequency that is related to the pressure, hole size and geometry of the
breach. Acoustical leak detection uses the sonic or ultrasonic signal generated by the escaping
fluid as it expands through the leak orifice. The technique uses a sensitive microphone or an
accelerometer. It is simple, fast and non-contacting, however, it is sensitive to other
environmental noises. It enables detection of leak rates as low as 10° mbar-L/s. A similar
approach, acoustic emission leak detection, detects equipment transmitted high frequency
sound waves, travelling along a solid path.

A helium mass spectrometer leak detection instrument can be used to determine leak
existence and location for many industrial components. For units under pressure, helium is
added to the vessel at a suitable test pressure. Measurement at locations of interest can find
leak rates as low as 10°° mbar-L/s.

Radiotracers provide a powerful aternative to other leak detection techniques. They are the
most sensitive tools (10™° mbar-L/s) available and they can be used on-line (while the system
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or equipment is operating). The addition of very small concentrations of radioactive isotope
provides an extremely detectable level of measureable and detectable radiation.

3.1.1. Locationsof leaks
3.1.1.1. Pressurized systems and evacuated systems

For a system whose internal pressure exceeds the atmospheric pressure, it follows that a leak
will force contents out through the breach in the envelope. For those systems where there is
an internal vacuum, then the leak will be inwards through the envelope. Systems may also be
pressurized to a specified level for a test, or a vacuum may be created, usually in a small
system.

3.1.1.2. Tracersinherent to the system and incorporated systems

If the contents permit, then they may serve as an inherent leak detection system during
operation. A sudden or even a slow pressure drop will signify aleak. The system must have
on-line instrumentation that is sensitive enough to detect this drop in pressure. The contents
may themselves have the properties of a tracer, perhaps in odour or colour. A rust stain
around atank valve isagood visual indication that there is a continuous, though small, leak at
that valve.

3.1.1.3. Detector inherent to the system and detector applied to the system

One of the factors involved in using system fluid as an inherent detection system is when the
system fluid is hazardous. For example, natura gas is odourless, and it is hormal practice to
add a tracer gas so that leaks may be sensed by the odour. This is particularly effective in
populated areas. Were the system to rely on a pressure drop, which would aso signa a leak,
there would be an opportunity for large quantities of highly flammable gas to escape before
detection. Hydrogen sulphide gas (H»S), on the other hand, is both odourous and hazardous.
A leak of this gas would be readily detected without the addition of atracer. The decision to
rely on an added tracer or on the indicating properties of the content gasis one which can only
be made for the specific system under consideration. Both approaches are effective, and use
of inherent propertiesis more economical.

3.1.1.4. Dynamic and static tests

Tracer gas tests can be conducted while the system is working (for example, the natural gas
tracer additive discussed in the previous section). Where there is an operational or safety
reason, the test can be static, involving slight or greater over pressurizing with a tracer added
to the system.

3.1.2. Leakage measurements
3.1.2.1. Multipleclosed systems: in vacuum with tracer gas, closed with air

The pressure envelope may be simple, i.e. one vessel, one pressure, or complex, perhaps one
vessel with several subcomponents at different pressures. If multiple closed systems are
involved, then it will be necessary to measure the gas leakage rate at the interface between
two systems. The point here is that an overall closed system may hide internal leaks that
contaminate the system but do not escape to the environment.
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3.1.2.2. Mass balance system

Simple systems are those which involve one working fluid and one pressure boundary. One
technique that can be used with a closed system, operating or static, is the Mass Balance
System. This technique presupposes that it is possible to accurately and continuously
measure the mass of the system or partial system contents. This technique detects spontaneous
changes in the mass balance of the contents of a system and can be easily automated. When a
leak occurs, the mass balance system usually first gives an alarm. Specific instructions are
provided for response to the alarm. When no operator action follows in a pre-determined
period (e.g. 10 minutes), some systems automatically close the isolation valves in the affected
part of the system or in the entire system. The consequences can be that production and
storage are likely to be affected. The mass balance system is believed not to be very accurate
and can result in false indications of |eakage.

3.1.2.3. Leakageto vacuum or to atmospheric pressure

Whether the system contents leak to a vacuum or to atmospheric pressure depends on the
pressure differential. Where the receiving environment is at alower pressure than atmospheric
pressure, then a vacuum should be used. Measurement is based on flow rate.

Leak tests can be conducted while the pressurized system is at rest or when it is operating.
Measurement is more difficult with a dynamic system because there is continuous
replenishment, whereas for a static system there is no inflow, and thus measurement begins
with afixed mass.

3.2. Different techniques for the application of leak tests

A basic non-destructive test for leaks is visual examination. Escaping fluid can create
puddles, drips or stains. These may or may not be accompanied by observable pressure |oss.
The hydrostatic test used to prove the condition of a new boiler, for example, consists of
pressurizing the boiler or one of its components to an internal pressure somewhere in the
range of 1.25 to 1.5 times its working pressure, to hold at that pressure for a defined period of
time, and to examine the entire pressure boundary for leakage.

3.2.1. Bubbletest
3.2.1.1. Establishing operative conditions for bubble and foam testing

The bubble emission method requires a gas pressure differential to be established across the
pressure boundary to be tested. A test liquid is placed in contact with the lower pressure side
of the pressure boundary. Gas leakage through the pressure boundary can then be detected by
observation of bubbles formed in the detection liquid or liquid film at the exit points of
leakage through the pressure boundary. This method provides immediate indications of the
existence and location of large leaks (10 to 10* mbar-L/s). Longer inspection times may be
needed for the detection of small leaks (10*to 10 mbar-L /s).

In bubble testing, the probing medium is the gas that flows through the leak due to the
pressure differential. The test indication is the formation of visible bubbles at the exit point of
the leak. Rate of bubble formation, size of bubbles formed, and rate of growth in size of
individual bubbles provide the means for estimating the size of leak.
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3.2.1.2. Liquidsfor bubbles and solutions for foams

Bubble tests are often classified according to the test liquid and means of application. In the
liquid immersion (“dunking”) technique, the pressurized test system is submerged in the test
medium. In the liquid film application method, athin layer of the test medium is flowed over
the low pressure surface of the object. For large leaks, a foam blanket is established by the
applied liquid; the rapid escape of gas through this blanket blows through the blanket and
reveals the location of the leak.

FIG. 3.1. Foamfilm to detect gas bubbles.

3.2.1.3. Typical applications

Bubble testing for leak location is one of the most widely used non-destructive tests because
its simplicity permits its use by workers with minimal training. On an elementary scale,
bubble tests can be used for testing connections on domestic propane systems, or for testing
tireinner tubes in a soapy bath.

For small vesseals, it is appropriate to pressurize the entire vessel, and coat all welds with a
detecting medium. For larger vessels, and for welds in piping, it is possible to coat the
inspected area with bubble solution, and then use a vacuum box to create the pressure
differential. Active pressurized piping joints and connections in the vessel can be examined
by coating individual or suspect welds when the vessel is operating at a pressure greater than
the external pressure.

Heavier structures, such as those used in hydro power instalations, can be examined using
this method. In this case, a vacuum box is needed to create the pressure differential and the
welds are examined in short sections, section length being related to the size of the vacuum
box.

3.2.1.4. Advantages

The advantages of bubble leak testing relate to its ssmplicity, rapidity and economy. Itisa
fairly sensitive leak detection technique and enables the inspector to locate the exit points of
leaks very accurately. Another advantage is that it readily detects very large leaks, yet
provides rapid responses for small leaks.

It is not necessary to move a probe or sniffer over the surface being inspected. Often it
permits the examination of the entire pressurized component to be inspected simultaneoudly.
Immersion testing permits independent location of individual leaks. Leaks detected by this
technique are real leaks, as opposed to the virtual leaks found in acoustic tests.
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3.2.1.5. Limitations

Conditions that interfere with bubble testing are contamination of the test specimen surfaces,
improper temperatures of test specimens, contaminated or foaming test liquids, improper
viscosities of test liquids, excessive vacuum over surface of test liquid, and low surface
tension of the test liquid which leads to clogging of leaks. Prior bubble testing in general can
clog leaks or lower the sensitivity of subsequent leak testing by more sensitive methods.

For the immersion or dunk testing technique, the handling of the test item isimportant. Small
components can be easily submerged, and very little pressure difference is sufficient, however
larger heavy objects cannot be practically tested by this method.

3.2.2. Testing by means of pressure
3.2.2.1. Establishing operative conditions for the test of absolute pressure

Absolute pressure takes into account that measurements are usually made in ambient
conditions that reflect atmospheric pressure. It there is necessary to correct for ambient
pressure when establishing the zero pressure point for calculations. Differences between two
pressures when measured under identical conditions are in absolute terms.

3.2.2.2. Pressurization of gases

Gases are pressurized by applying heat or external forces to decrease the volume occupied by
aunit mass of gas. Following the ideal gas law, if external pressure is increased, the volume
will decrease and the resisting pressure increase. |If the volumeis held constant and the gasis
heated, it will want to expand. The resistance to this expansion results in an increased
pressure of the gas in that specific container.

3.2.2.3. Effect of changesin temperature, vapour pressure and atmospheric pressure

As described then, if heat or external pressure are imposed on the system, the contained
material will want to expand, and the contained pressure will increase. If the enabling
pressure is atmospheric, then changing environmental altitude will result in a lower ambient
pressure as one goes higher, and a lower pressure as one goes lower. The implication of this
isthat the parameters of the test may need to be changed.

3.2.2.4. Pressure decay technique

The pressure decay testing method measures the decrease in pressure in an object. The test
object is initially inflated and then a reference pressure is established. After a designated
amount of time, the pressure is monitored again, and the initial and final measurements are
compared. The change in pressure is used to calculate the leak rate given the internal volume
of the device. Pressure decay is able to detect minute changes in pressure. A drop in pressure
signifies aleak; the greater the pressure drop, the larger the leak. This method is convenient in
that it is easily automated and dry.

This technique can be used to test small parts at high speeds (see Fig. 3.2). A 0.3-inch
diameter by 1.2-inch long medical filter can be tested to see if the filter isin place, if it is
plugged and if it allows correct air flow. Test time from clamp to next clamp is 0.85 second at
15 psi. Also, a molded vacuum tube connection for the automotive industry (12 inches of
0.2inch inner diameter tube with circular molded fitting) can be tested in a test time of
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3.5 seconds, clamp-to-clamp at 15 to 30 psi, depending on part. Each test result can be made
permanently recorded and traceable, if required.

A pressure drop system reacts to deviations from normally experienced pressure drops in the
liquid ammonia pipeline. It is often based on a series of pressure drop measurements. When a
deviation from the predetermined setting is detected from the relevant pipeline location, the
corresponding isolation valves may be automatically closed. As this method tends to detect
only big leaks, the pressure drop system is often combined with another leak detection
method such as ammonia sensors or a mass balance system.

3.2.25. Determination of leak percentages by pressure drop

For compressor systems that have start/stop or load/unload controls, there is an easy way to
estimate the amount of leakage in the system. This method involves starting the system when
there are no demands on it (when all the air-operated, end-use equipment is turned off). A
number of measurements are taken to determine the average time it takes to load and unload
the compressor. The compressor will load and unload because the air leaks will cause the
compressor to cycle on and off as the pressure drops from air escaping through the leaks.

Total |eakage (percentage) can be calculated as follows:

Leakage (%) = x 100 (3.1)

(T+1)
where T = on-load time (minutes)
t = off-load time (minutes)

Leakage can also be estimated in systems with other control strategies if there is a pressure
gauge downstream of the receiver. This method requires an estimate of total system volume,
including any downstream secondary air receivers, air mains, and piping (V, in cubic feet).
The system is started and brought to the normal operating pressure (P1). Measurements should
then be taken as a function of the time (T) it takes for the system to drop to alower pressure
(P2), which should be a point equal to about one-half the operating pressure.

L eakage can be calculated as follows:

Leakage (cfmfreeair) :@x 14.7x1.25 (3.2)

where: V isin cubic feet
P and P, arein psi

T istimein minutes

118



FIG. 3.2. Leak testing small medical tubing connection.

3.2.2.6. Positioning of sensors for temperature and dew point

Temperature and dew point influence measured pressure. Sensors for these two parameters
need to be positioned as near to the pressure measurement sensor as practical, as both may
vary throughout the system.

3.2.2.7. Filling in data sheets

Asin all non-destructive test methods, completeness of records is a critical step. If automatic
recording systems, strip chart or electronic data capture, are available, then there will be
enough data available to complete the leak rate or pressure drop calculation. Nevertheless all
parameters of the test should be recorded manually where practical, along with general
environmental data such as ambient temperature. This should be organized prior to the test on
adata sheet.

3.2.2.8. Advantages and limitations

The effectiveness of the pressure drop technique depends on the complexity of the system, the
ease with which one can access the pressure envelope, and the ease with which the pressure
can be controlled. In generd, it is most effective for static testing.

3.2.3. Test by detection of halogens

Halogen leak detectors are used in the detector-probe mode (to 10 mbarl/s), requiring that
the system be pressurized with a gas containing an organic halide, such as one of the Freons.
The exterior of the system is then scanned with a sniffer probe sensitive to traces of the
hal ogen-bearing gas. The principle is based on the increased positive ions (K or Na) emission
because of sudden halide composition presence. The ion current is the measure of aleak size.
Halogen detectors can be used also in an internal mode: the evacuated vessel is connected to
the detecting instrument and is sprayed by Freon. In this manner, test sensitivity is up to
10" mbarl/s and can be used in rough, medium and high vacuum.
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FIG. 3.3. Halogen leak detector.

3.23.1. Heliumleaktesting

(@ Test with helium spectrometer

Functioning principle and operating conditions for the leak test with helium spectrometer
depends on the separation of helium from other gases in a vacuum. It is accomplished by
ionizing a gas sample containing helium, pushing the sample through a magnetic field, and
collecting the helium ions as they emerge. Since helium ions exit along a different path from
all other ions, collection of helium is reasonably simple. The current produced by the helium
ion flow is used to drive an ammeter. Often audio alarms, and visual display on leak detection
system to give information and warnings about leak levels. lonization, separation and
collection takes place within a spectrometer tube, which is the heart of the system.

In the spectrometer tube, the heart of the helium mass spectrometer, the electrons produced by
a hot filament enter an ionization chamber under vacuum, and collide with gas molecules,
creating within the chamber ions quantitatively proportional to the pressure in the ion
chamber. These ions are repelled out of the ion chamber, under vacuum, through the exit dlit,
by arepeller field. The combined electrostatic effect of the repeller, exit dit, focus plates, and
ground dlit collimates the ion beam so that it enters the magnetic field as a straight "ribbon™ of
ions.

The mass spectrometer method involves pressurizing the test object with a helium mixture
and placing it in a snug-fitting vacuum chamber. The air is then evacuated from the chamber,
creating a pressure gradient between the internal volume of the part and the vacuum. The
helium molecules move out of the part through any porosity, holes and cracks. A mass
spectrometer then samples the air inside the chamber and finds individual atoms of helium
(seefig. 3.4).

The initial cost of a snug-fitting chamber is high, requiring precise machining and extremely
tight seals, limiting the practical part size. A basic operation limitation is that alarge leak will
saturate the vacuum container with helium. This requires several hours of flushing to lower
the helium background to a workable level. A pre-test can be employed to weed out the gross
leakers. Many air conditioner condensers (radiators) are quite large, but they still must not
leak for 8 to 10 years. For these applications, a wand testing system has been developed
which, while not as accurate as placing the part in a vacuum chamber, is superior to any other
kind of test, and substantially less expensive than the vacuum chamber system.
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Portable dry helium leak detectors are now widely used for large systems, as typically shown
in fig. 3.5 for a pharmaceutical industry. A sniffer wand is used to collect the helium and gas
mixture that is then pulled into a chamber for spectrometric analysis.

Each tube is examinad Shed-side pressuroed
for the pretenda of halium  with halium gas

Individual tubes
blocked with
fubber bungs

FIG. 3.4. Offline leak detection in heat exchanger using the helium mass spectrometer
technique.

(b) Pressure and vacuum technology

Helium is present in only small amounts (5 ppm) in the ambient air. This results in low
background noise and makes helium a very attractive gas for leak detection applications. In
addition, helium is readily available on a worldwide basis, is not toxic or flammable and is an
inert gas. Helium can be easily obtained in cylinders of various sizes and it only needs to be of
welding-grade purity.

(c) Senditivity of the test

Thisisthe most sensitive test presently available. These testers are capable of detecting aleak
of R600a refrigerant as small as 0.0028 ounce per year. In use, helium is usually a disposable
item adding to cost, although recovery systems are now available. Electronic parts often are
tested by placing them in a chamber and pressurizing with helium, and then placed in the
vacuum chamber of the mass spectrometer to see if helium is drawn out. This method also
will find porosity.

FIG. 3.5. Portable He leak tester being used in pharmaceutical industry.
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(d) Helium tracers

Helium is used as a tracer because it penetrates small leaks rapidly. Helium has also the
property of being non-toxic, chemically inert, inexpensive to produce, and present in the
atmosphere only in minute quantities (5 ppm). Typically a helium leak detector will be used
to measure leaks in the range of 10° to 10 mbar-L/s.

A flow of 10 ° mbar-L/s is dlightly less than 1 ml per minute at Standard conditions for
temperature and pressure (STP).

(A flow of 10 ** mbar-L/sis slightly less than 3 ml per century at STP.)
3.2.4. Advanced techniques
3.24.1. Radioactivetracers. Applicability, sensitivity and principle of test

Radioactive materials used as tracers offer the possibility of on-line measurements, providing
information in the shortest possible time. Gamma radiation emitted by the radiotracers
penetrates the vessel’s walls and provides information about very small leaks even when
direct access to the vessel is not possible. The emission of radiation is a specific property of
the radioisotope, not affected by interference from other materials in the system; thus
radiotracers have strong resistance against severe process conditions. Because the
characteristics of the radiation differ from one radioisotope to another, multiple radiotracers
may be employed and measured simultaneously if needed to locate the leaks. The success of
radiotracer applications for leak detection rests upon high detection sensitivity for extremely
small concentrations; for instance, some radiotracers may be detected in quantities as small as
10" grams. The amounts of radiotracer used are virtually insignificant. For example, 1 Ci
(37 Bq) of 131l weighs 8 ug, while 1 Ci of 82Br weighs only 0.9 ug. That is why, when
injected, they do not disturb the fluid dynamics inside the vessel under investigation and do
not interfere with the product quality. The radiotracer technique is very sensitive; it enables
the measurement of leak flows up to 10 mbar-L/s.

Radiotracers are the most sensitive tools largely used for on-line leak detection. The success
of radiotracer applications for leak detection comes from the extremely high detection
sensitivity for extremely small concentrations.

Process Gag
Stream

Radiotrncer Quiick
Ampoule  Comuector  'Prewme Release Valve

FIG. 3.6. A gaseous radiotracer injector.
3.24.2. Krypton-85 gas

The Krypton 85 Leak Testing technique is a highly sensitive technique used to measure fine
and gross leak rates in high reliability devices. It is the preferred method to characterize small
leak rates in critical military components. The technique was developed in the 1950's and is
still in use today for evaluating military hybrids, commercia sensors, medical implants,
silicon based MEMS packaging applications and many others. The device is placed into a
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specialized test chamber and pressurized with a gas mixture of air and small amounts of
Krypton 85 gas, as shown in fig. 3.6. The mixture will then enter the package cavity if aleak
is present. The advantages of Krypton 85 over other methods include extremely fast test
times, lower overal testing cost, lower leak rate detection (<10™? mbar-L/sec), minimal
absorption to glasses, leak site(s) identification and the ability to test in ambient conditions.

Like al radiotracer techniques, Krypton 85 tests are non-intrusive. They are economical when
compared in terms of material cost. They are relatively easy to use.

3.2.4.3. Liquid penetrants and chemical tracers

(8 Applicability, sensitivity and characteristics of techniques

The liquid penetrant method of non-destructive testing is one of the simplest to apply using
readily available and dependable materials. The basic principal is that a low viscosity liquid
will be drawn into a tight opening by the principle of capillary action. The tighter the
opening, the greater will be the penetration. Standard PT procedures call for applying the dye
to the surface, leaving it a given period of time to allow it to enter into the opening, then
cleaning off all surface traces of the penetrant as discussed in section 1.12. Once the surface is
cleaned, a developer is applied to draw the penetrant back out to the surface. A brightly
coloured dye is added to the penetrant material to make the retrieved penetrant extremely
visible. When applied to a through crack (or leak), the same principles work. The dye is
drawn into the breach, but for leak detection, the opposite side of the pressure envelope is
examined with the use of a developer. A more sensitive technique uses fluorescent dye to
enable detection of extremely small defects and use of an ultraviolet light to examine the
opposite surface.

The process can be used on any system to which there is access to both sides of the pressure
envelope. No pressure differential is necessary. Another variation is to add fluorescent or
coloured dye to the contents of aliquid system as a tracer, and to examine for leaks from any
accessible surface.

(b) Penetrant materials

To perform well, a penetrant must possess a number of important characteristics. It must
spread easily over the surface of the material being inspected to provide complete and even
coverage. It should be easily drawn into surface breaking defects by capillary action. While
the penetrant must remain in the defect during the removal step, it should also be easy to
remove from the surface. The penetrant should remain fluid so it can be drawn back to the
surface of the part through the drying and developing steps, be highly visible or fluoresce
brightly to produce easy to see indications. In addition to its ease of use, the penetrant must
not have residual halogens, P and S that are harmful to the material being tested or the
inspector.

(c) Advantages and disadvantages

Although this test is very time consuming, it requires no capital equipment, a relatively small
amount of consumable material. It is easily applied and the results are visual. It is the most
reliable method of finding cracks and pinholes, where even the smallest possible pinhole will
be detected. On the disadvantage side, one needs access to both sides of the envelope. It may
reguire extensive cleaning before and after the test.
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3.24.4. Ammonia gas leak test

Escaping ammonia can be detected by ammonia sensors. Ammonia sensors are used in
various locations in ammonia plants (e.g. on the compressor platform, in the synthesis area
and in the refrigeration section). However, they can also be placed in loading and tank areas,
and around an ammonia pipeline where they can prove a useful tool for the detection of aleak
from a pipeline. There are basically three commonly used types of ammonia sensors:

(8 Theelectrochemical type

It is used for sensing concentrations up to 1000 ppm. As it can accurately analyse low
concentrations relevant for the protection of personnel (10-100 ppmv ammonia), it is widely
used in the industry. However, the instrument has to be every 6 months and the life time is
typically limited to 3 years. The investment cost is low.

(b) The solid-state type

It is used for sensing concentrations up to 1-2 volume percent. This type of sensor is less
accurate in the low concentration range. Calibration frequency is once per year, and its
lifetime is 5-10 years. The weakness of the solid state type is its insensitivity to chemicals
other than ammonia

(c) Theinfrared type

It is also used for concentrations up to 1-2 volume percent. This type is less accurate in the
low concentration range as well. Calibration frequency is once every 6-12 months. The big
advantage of this system is that it can detect ammonia vapours over a long distance. While
electrochemical and the solid state analysers analyse a gas sample, the infrared detector scans
the environment for the presence of ammonia over a distance of typicaly 10-100 metres.

3.24.5. Carbon dioxide and hydrogen tracer gas

A variety of tracer gases are available, the ones most common being carbon dioxide (CO,),
hydrogen (Hz) and helium (He). The test method consists in loading the product with trace gas
and then searching for leakage of that gas from the device or pack. Trace gas loading can be
performed by low pressure flushing into a device or component. Alternatively, the finished
test items can be ‘soaked’ in an atmosphere of trace gas prior to testing. Sub-assemblies can
be sealed in an atmosphere enriched with the trace gas. Once the gas is loaded, specific
detectors are used outside the test piece to ‘sniff’ for leakage.

The measurement techniques vary greatly according to which gasis utilised. CO; is detected
by infrared absorption, H, by ion selective semiconductors and He by mass spectroscopy.
Carbon dioxide is commonly used in the food industry. It has relatively higher natural
abundance. CO; is ideal when moisture ingress to a pack is of concern rather than microbial
contamination. Both hydrogen and helium are excellent for testing medical devices and packs.
They both allow testing with extreme sensitivity and dissipate rapidly to alow repeat or
complex testing. The detection systems for He are somewhat more cumbersome and costly
than those for H.

Trace gas testing is not influenced by product volume or temperature. There are no toxicity or
regularity concerns for the gases mentioned here, at the concentrations used.
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3.2.4.6. Chemical fumesleak detector

Chemical fumes may be detectable by a change in ambient air concentration causing
irritation, odour, or coughing. The object of the chemical leak detector is to identify the
presence of the fume, to locate the source and to estimate the size of the leak. Fumes can be
part of the contained gas, or can be generated when the leaking substance reacts with ambient
ar.

3.2.5. Ultrasonic leak testing
3.25.1. Principles, sensitivity, characteristics and applicability of the test

Ultrasonic gas leak detectors use acoustic sensors to detect changes in the background noise
of a machine’s environment. Since most gas leaks occur in the ultrasonic range of 25 kHz to
10 MHz, the sensors are able to easily distinguish these frequencies from background noise
which occurs in the audible range of 20 Hz to 20 kHz. The ultrasonic gas leak detector then
produces an alarm when there is an ultrasonic deviation from the normal condition of
background noise. Despite the fact that ultrasonic gas leak detectors do not measure gas
concentration, the device is till able to determine the leak rate of an escaping gas. By
measuring its ultrasonic sound level, the detector is able to determine the leak rate, which
depends on the gas pressure and size of the leak. The bigger the leak, the larger its ultrasonic
sound level will be. Ultrasonic gas detectors are mainly used for outdoor environments where
weather conditions can easily dissipate escaping gas before allowing it to reach gas leak
detectors that require contact with the gas in order to detect it and sound an alarm. These
detectors are commonly found on offshore and onshore oil or gas platforms, gas compressor
and metering stations, gas turbine power plants, and other facilities that house a lot of outdoor
pipeline.

3.25.2. Advantages and limitations

Acoustic detectors can be used in areas where the escaping gas is easly dissipated. They
permit remote and telemetric monitoring real time monitoring. The major disadvantage is the
sensitivity to background noise with overlapping frequency of leaks.

FIG. 3.7. Portable acoustic |eak detector for field use.
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3.2.6. Acoustic emission leak testing
3.2.6.1. Fundamental principles of acoustic emission leak testing

Acoustic ultrasonic leak detectors are sensitive to airborne sound and inaudible sound waves
due to escaping gas. Acoustic emission techniques, on the other hand, detect high frequency
sounds that travel within the envelope itself. The acoustic emission technique relies on the
fact that escaping gas or liquid through a small breach creates a high frequency sound wave
that travels through the enveloping system via acoustic leak path. It is the capture and
recording of these waves that make up the acoustic emission technique.

3.2.6.2. Applicability, sensitivity and characteristics of test

The acoustic emission technique is best used where there is a direct sound path between the
suspected leak location and the location of the sensor. Acoustic emission sensors are small
piezoelectric transducers, similar in construction to those used in ultrasonic testing. The
received signal is highly amplified and transmitted to the monitor where the number of events,
the event rate and changes in the event rate are observed.

Acoustic emission tests are susceptible to background noise (false positives) due to equipment
rotation, friction, or other operating sources. On the other hand, using severa transducers and
by triangulation, it is possible to very accurately pinpoint the location of source of the
emission, i.e. the leak. Acoustic emission testing is considered to be considerably more
sensitive than airborne acoustic testing, but does require access to the surface of the pressure
envelope.

3.2.6.3. Methods of acoustic emission testing

To standardize the method of leak detection by using the cross-correlation technique in order
to detect and locate the leaks themselves requires the use of sensing devices placed on
existing pipeline fittings plus conditioning, acquisition and signal analysis instrumentation in
order to detect and locate the leaks. The method can be applied to the testing of underground
supply and distribution pipelines of steel, ductile iron, cast iron, asbestos cement,
polyethylene and PV C.

Cast iron, steel or asbestos cement pipe sections of a maximum length of 250 meters can be
ingpected by using non-intrusive sensing devices (accelerometers). The maximum
controllable length of plastic pipes such as PVC or (high and low density) polyethylene is
about 50 metres when accelerometers are used.

Acoustic emission monitoring can be carried out while a system is operating searching for
leaks of the contained fluid, or by imposing an artificial test load in the vessel (pressurizing).

3.2.6.4. Advantages and limitations

The acoustic emission technique is relatively simple, and relies on using the pressure
envelope itself to transmit the high frequency sound waves associated with fluid flow through
a small orifice. The major disadvantage is that it is not easy to quantify a leak based on the
noise it is emitting. A growing leak is essentia to generate acoustic emmissions for pick up
and detection. Another disadvantage is the sensitivity to background noise generated by
nearby operating machinery.
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3.2.7. Vacuum box leak testing techniques
3.2.7.1. Applicability, sensitivity and principle of test

A variation of the bubble technique uses a vacuum box to apply a vacuum which creates a
pressure differential across an interface. The box, from which air is extracted and the vacuum
produced by a small pump, is designed to fit over (with a reasonable seal and a glass top) a
specific length, e.g. 500 mm of weld. The liquid indicator is coated on the weld and the
vacuum generated. A leak results in a string of bubbles observable through the glass top of
the vacuum box.

3.2.7.2. Advantages and limitations

The vacuum box is recognized in many codes of construction as being a tool that the
fabricator’s personnel can use. It isrelatively smple to operate, is sensitive, and is constructed
from common materials. Mgjor limitation is that it cannot quantify the leaks.

3.2.8. Halidetorch testing
3.2.8.1. Principles

The use of a halide leak detector (Fig. 3.8) is the most effective method to detect leaks in a
refrigerant system using halogen refrigerants. This consists of atorch burner, a copper reactor
plate, and a rubber exploring hose.
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FIG. 3.8. Halide torch leak detector.

Detectors use acetylene gas, alcohol, or propane as afuel. A pump supplies the pressure to the
detector. If a pump-pressure type of alcohol-burning detector is used, it is critical that the air
pumped into the fuel tank be pure.

An atmosphere suspected of containing a halogen vapour is drawn through the rubber
exploring hose into the torch burner of the detector. Here the air passes over the copper
reactor plate, which is heated to incandescence. If there is a minute trace of a halogen
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refrigerant present, the color of the torch flame changes from blue (neutral) to green as the
hal ogen refrigerant contacts the reactor plate. The shade of green depends upon the amount of
halogen refrigerant. A pale green color shows a small concentration of halogens and darker
green shows a heavier concentration. Too much of a halogen refrigerant causes the flame to
burn with a vivid purple color. Extreme concentrations of a halogen refrigerant may
extinguish the flame by crowding out the oxygen available from the air.

The exploring hose is used to survey possible leakage points on the system.
3.2.8.2. Features of technique

The halide torch technique is relatively sensitive, but it is limited to being used in
refrigeration systems.

The technique applies only to those systems which use halogen gas as aworking fluid.

One of the disadvantages is that it requires an open flame which may not always be possible.
Not al refrigerants contain halides.

128



4, EQUIPMENT AND ACCESSORIES
4.1. General considerations

For each of the leak testing techniques, specialized equipment is required, and it has been
described within the chapters on test techniques and applications. This chapter describes the
equipment and accessories which are general to all techniques, with a focus on the pumps
which are used to achieve pressure differentials and the accessories which permit the
measurement of pressures, vacuums and related changes.

4.2. Halogen diode detector

A halogen-diode detector uses a specia sensing element that responds to halogen compound
gases, such as bromine, iodine, fluorine, or chlorine. These compounds are used as
pressurized tracer gases inside a vessel, triggering a probe in the detector device whenever gas
begins to leak out. There are multiple types of halogen-diode detectors, but each is composed
of a sensing element and a control unit. The sensing element, or probe, functions according to
the principles of ion emission. Positive-ion emissions rise along with increases in halogen
compound gas, and the ion current is converted into an electrical signal to indicate leaks.
When locating leaks, the probe is moved over the area of joints or seams in an enclosure,
touching the surface of any metal container. When it passes over a leak, the probe draws in
the tracer gas and emits an audible visual signal. It is important not to pass the detector too
quickly over the vessel’ s surface, as this may cause smaller leaks to go undetected.

4.3. Helium mass spectrometer

A mass spectrometer is a device that sorts and filters various types of charged particles. As
gas enters an analyzer, a filament releases a stream of electrons that converts the gas particles
into charged ions that are accelerated to a rapid speed. Under a constant magnetic field, ions
that share the same mass move along a specific trgectory toward a collector, which
accumulates only the targeted molecules. Specialized devices, such as helium mass
spectrometers, can be configured to remain sensitive only to a particular range of atomic
mass, allowing other molecules to pass through the detector without triggering the collector.
Mass spectrometers can only operate within a vacuum, making them effective for leak
detection in vacuum systems, but can be adapted for pressurized tracer gas systems through
the addition of a probe or an enclosure for collecting leakage. However, a mass
spectrometer’ s sensitivity and minimum leak detection rate tend to decrease when the device
is applied to a pressure system.

4.4. Accessories

Besides the specialized equipment used in each leak testing technique, there are some
common elements. It is necessary to create a pressure differential, either by pressurizing one
side of the pressure envelope, or by evacuating one side. There is a wide variety of pumps
that can be used for creating this differential.

Critical accessories aso include the instruments that permit the measurement of pressure, and

again there is awide variety of such instruments, the choice of which is usually a compromise
between cost and required sensitivity.

129



4.41. Vacuum pumps
4.4.1.1. Classification and selection of vacuum pumps
Pumps can be broadly categorized according to three techniques:

(@ Positive displacement pumps use a mechanism to repeatedly expand a cavity, alow
gases to flow in from the chamber, seal off the cavity, and exhaust it to the atmosphere.

(b) Momentum transfer pumps, also called molecular pumps, use high speed jets of dense
fluid or high speed rotating blades to knock gas molecules out of the chamber.

(c) Entrapment pumps capture gases in a solid or adsorbed state. This includes cryopumps,
getters, and ion pumps,

4.4.1.2. Applications

Positive displacement pumps are the most effective for low vacuums. Momentum transfer
pumps in conjunction with one or two positive displacement pumps are the most common
configuration used to achieve high vacuums. In this configuration the positive displacement
pump serves two purposes. First it obtains a rough vacuum in the vessel being evacuated
before the momentum transfer pump can be used to obtain the high vacuum, as momentum
transfer pumps cannot start pumping at atmospheric pressures. Second the positive
displacement pump backs up the momentum transfer pump by evacuating to low vacuum the
accumulation of displaced molecules in the high vacuum pump. Entrapment pumps can be
added to reach ultrahigh vacuums, but they require periodic regeneration of the surfaces that
trap air molecules or ions. Due to this requirement their available operational time can be
unacceptably short in low and high vacuums, thus limiting their use to ultrahigh vacuums.
Pumps also differ in details like manufacturing tolerances, sealing material, pressure, flow,
admission or no admission of oil vapor, service intervals, reliability, tolerance to dust,
tolerance to chemicals, tolerance to liquids and vibration.

4.4.1.3. Working principle and estimation of pump size

Pumping speed refers to the volume flow rate of a pump at itsinlet, often measured in volume
per unit of time. Momentum transfer and entrapment pumps are more effective on some gases
than others, so the pumping rate can be different for each of the gases being pumped, and the
average volume flow rate of the pump will vary depending on the chemical composition of
the gases remaining in the chamber.

Throughput refers to the pumping speed multiplied by the gas pressure at the inlet, and is
measured in units of pressuresvolume/unit time. At a constant temperature, throughput is
proportiona to the number of molecules being pumped per unit time, and therefore to the
mass flow rate of the pump. When discussing a leak in the system or back-streaming through
the pump, throughput refers to the volume leak rate multiplied by the pressure at the vacuum
side of the leak, so the leak throughput can be compared to the pump throughput.

Positive displacement and momentum transfer pumps have a constant volume flow rate,
(pumping speed) but as the chamber's pressure drops, this volume contains less and less mass.
So athough the pumping speed remains constant, the throughput and mass flow rate drop
exponentially. Meanwhile, the leakage, evaporation, sublimation and backstreaming rates
continue to produce a constant throughput into the system.
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The manua water pump draws water up from a well by creating a vacuum that water rushes
intofill. In asense, it acts to evacuate the well, although the high leakage rate of dirt prevents
ahigh quality vacuum from being maintained for any length of time.

4.4.1.4. Mechanism of a scroll pump

Fluids cannot be pulled, so it is technically impossible to create a vacuum by suction. Suction
is the movement of fluidsinto a vacuum under the effect of a higher external pressure, but the
vacuum has to be created first. The easiest way to create an artificial vacuum is to expand the
volume of a container. For example, the diaphragm muscle expands the chest cavity, which
causes the volume of the lungs to increase. This expansion reduces the pressure and creates a
partial vacuum, which is soon filled by air pushed in by atmospheric pressure

To continue evacuating a chamber indefinitely without requiring infinite growth, a
compartment of the vacuum can be repeatedly closed off, exhausted, and expanded again.
This is the principle behind positive displacement pumps, like the manua water pump for
example. Inside the pump, a mechanism expands a small sealed cavity to create a deep
vacuum. Because of the pressure differential, some fluid from the chamber (or the well, in our
example) is pushed into the pump's small cavity. The pump's cavity is then sealed from the
chamber, opened to the atmosphere, and squeezed back to a minute size.

More sophisticated systems are used for most industrial applications, but the basic principle of
cyclic volume removal isthe same. A few widely used pump systems are:

— Rotary vane pump, the most common

—  Diaphragm pump, zero oil contamination

— Liquid ring pump

—  Piston pump, cheapest

— Scroll pump, highest speed dry pump

— Screw pump (10 Pa)

—  Wankel pump

— External vane pump

— Roots blower, also called a booster pump, has highest pumping speeds but low
compression ratio

— Multistage Roots pump that combine several stages providing high pumping speed with
better compression ratio

— Toepler pump

— Lobe pump

The base pressure of arubber- and plastic-sealed piston pump system is typically 1 to 50 kPa,
while a scroll pump might reach 10 Pa (when new) and a rotary vane oil pump with a clean
and empty metallic chamber can easily achieve 0.1 Pa.

(@ Momentum transfer pumps

In a momentum transfer pump, gas molecules are accelerated from the vacuum side to the
exhaust side (which is usually maintained at a reduced pressure by a positive displacement
pump). Momentum transfer pumping is only possible below pressures of about 0.1 kPa
Matter flows differently at different pressures based on the laws of fluid dynamics. At
atmospheric pressure and mild vacuums, molecules interact with each other and push on their
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neighboring molecules in what is known as viscous flow. When the distance between the
molecules increases, the molecules interact with the walls of the chamber more often than the
other molecules, and molecular pumping becomes more effective than positive displacement
pumping. Thisregimeis generally called high vacuum.

FIG. 4.1. A cutaway view of a turbomolecular high vacuum pump.

Molecular pumps sweep out alarger area than mechanical pumps, and do so more frequently,
making them capable of much higher pumping speeds. They do this at the expense of the seal
between the vacuum and their exhaust. Since there is no seal, a small pressure at the exhaust
can easily cause backstreaming through the pump; this is caled stall. In high vacuum,
however, pressure gradients have little effect on fluid flows, and molecular pumps can attain
their full potential.

The two main types of molecular pumps are (i) diffusion pump and (ii) turbo-molecular
pump. Both types of pumps blow out gas molecules that diffuse into the pump by imparting
momentum to the gas molecules. Diffusion pumps blow out gas molecules with jets of oil or
mercury, while turbo-molecular pumps use high speed fans to push the gas. Both of these
pumps will stall and fail to pump if exhausted directly to atmospheric pressure, so they must
be exhausted to alower grade vacuum created by a mechanical pump.

As with positive displacement pumps, the base pressure will be reached when leakage, out-
gassing, and back-streaming equal the pump speed, but now minimizing leakage and out-
gassing to alevel comparable to back-streaming becomes much more difficult.

(b) Liquid storage traps

Entrapment pumps may be cryopumps, which use cold temperatures to condense gases to a
solid or adsorbed state; they may be chemical pumps, which react with gases to produce a
solid residue; or ionization pumps, which use strong electrical fields to ionize gases and
propel the ions into a solid substrate. A cryomodule uses cryopumping. Four types of
entrapment pump are:

— lon pump

—  Cryopump

— Sorption pump

— Non-evaporative getter
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Vacuum pumps are combined with chambers and operational procedures into a wide variety
of vacuum systems. Sometimes more than one pump will be used (in series or in paralel) in a
single application. A partial vacuum, or rough vacuum, can be created using a positive
displacement pump that transports a gas load from an inlet port to an outlet (exhaust) port.
Because of their mechanical limitations, such pumps can only achieve a low vacuum. To
achieve a higher vacuum, other techniques must then be used, typically in series (usually
following an initial fast pump down with a positive displacement pump). Some examples
might be use of an oil sealed rotary vane pump (the most common positive displacement
pump) backing a diffusion pump, or adry scroll pump backing a turbomolecular pump. There
are other combinations depending on the level of vacuum being sought.

Achieving high vacuum is difficult because all the materials exposed to the vacuum must be
carefully evaluated for their outgassing and vapor pressure properties. For example, oils, and
greases, and rubber, or plastic gaskets used as seals for the vacuum chamber must not boil
when exposed to the vacuum. Often, all of the surfaces exposed to the vacuum must be baked
at high temperature to drive off adsorbed gases.

Outgassing can aso be reduced simply by desiccation prior to vacuum pumping. High
vacuum systems generally require metal chambers with metal gasket seals such as Klein
flanges or 1SO flanges, rather than the rubber gaskets more common in low vacuum chamber
seals. The system must be clean and free of organic matter to minimize outgassing. All
materials, solid or liquid, have a small vapour pressure, and their outgassing becomes
important when the vacuum pressure falls below this vapour pressure. As a result, many
materials that work well in low vacuums, such as epoxy, will become a source of outgassing
at higher vacuums. With these standard precautions, vacuums of 1 mPa are easily achieved
with an assortment of molecular pumps. With careful design and operation, 1 pPais possible.

Severa types of pumps may be used in sequence or in paralel. In a typical pumpdown
sequence, a positive displacement pump would be used to remove most of the gas from a
chamber, starting from atmosphere (760 Torr, 101 kPa) to 25 Torr (3 kPa). Then a sorption
pump would be used to bring the pressure down to 10* Torr (10 mPa). A cryopump or
turbomolecular pump would be used to bring the pressure further down to 107 Torr (1 pPa).
An additional ion pump can be started below 10°® Torr to remove gases which are not
adequately handled by a cryopump or turbo pump, such as helium or hydrogen.

Ultra high vacuum generally requires custom-built equipment, strict operational procedures,
and a fair amount of trial-and-error. Ultra-high vacuum systems are usually made of stainless
steel with metal-gasketed conflat flanges. The system is usualy baked, preferably under
vacuum, to temporarily raise the vapour pressure of all outgassing materials in the system and
boil them off. If necessary, this outgassing of the system can also be performed at room
temperature, but this takes much more time. Once the bulk of the outgassing materials are
boiled off and evacuated, the system may be cooled to lower vapour pressures to minimize
residual outgassing during actual operation. Some systems are cooled well below room
temperature by liquid nitrogen to shut down residual outgassing and simultaneously
cryopump the system.

In ultra-high vacuum systems, some very odd leakage paths and outgassing sources must be
considered. The water absorption of auminum and palladium becomes an unacceptable
source of outgassing, and even the absorptivity of hard metals such as stainless steel or
titanium is also important. Some oils and greases will boil off in extreme vacuums. The
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porosity of the metallic chamber walls may have to be considered, and the grain direction of
the metallic flanges should be paralld to the flange face.

The impact of molecular size must be considered. Smaller molecules can leak in more easily
and are more easily absorbed by certain materials, and molecular pumps are less effective at
pumping gases with lower molecular weights. A system may be able to evacuate nitrogen (the
main component of air) to the desired vacuum, but the chamber could till be full of residual
atmospheric hydrogen and helium. Vessels lined with a highly gas-permeable materia such as
palladium (which is a high-capacity hydrogen sponge) create special outgassing problems.

4.4.2. Vacuum gauges

For measurement of pressure and vacuum several techniques are available. The instruments
used to measure pressure are called pressure gauges or vacuum gauges and they include a
manometer, usually limited to measuring pressures near to atmospheric or a vacuum gauge,
used to measure both high and low vacuum.

Pressure is an absolute quantity however pressure measurements are made relative to a
vacuum or to some reference as i) absolute pressure which referenced against a perfect
vacuum and it is equal to gauge pressure plus atmospheric pressure, ii) differential pressureis
the pressure difference between any two points and iii) gauge pressure which is referenced
against ambient air pressure and it is equal to absolute pressure minus atmospheric pressure
with negative sign usually omitted. Differential pressure is commonly used in industrial
process systems. These gauges have two inlet ports and perform the mathematical operation
of subtraction through mechanical means.

4.4.3. Static and dynamic pressure

Static pressure is uniform in all directions while dynamic pressure is not. An instrument
facing the flow direction measures the sum of the static and dynamic pressures. Static
pressure is useful for determining the net loads on pipe walls and dynamic pressure is used to
measure flow rates and air speed through measurement of differential pressure in two
perpendicular flow directions.

The primate instruments for pressure measurement are the liquid column (a vertical tube filled
with mercury) manometer and the U-Tube. Hydrostatic gauges (such as the mercury column
manometer) compare pressure to the hydrostatic force per unit area at the base of a column of
fluid and are independent of the type of gas or fluid being measured and can be designed to
have a linear calibration. However, they have poor dynamic response. Piston-type gauges or
dead weight tester counterbalance the pressure of a fluid with a solid weight or a spring.
Although any fluid can be used, mercury is preferred for its high density (13.534 g/cm3) and
low vapour pressure. Similarly, water is used for low pressure differences well above the
vapour pressure of water. A few popular pressure measuring instruments include McLeod
gauge, Aneroid, Bourdon, Diaphragm and Bellows. Recently, several new techniques have
been developed based on electromagnetic and other properties that are indirectly affected by
the pressure. They include phenomenon such as piezoresistive, capacitive, magnetic, eddy
current, piezoelectric, fibre optic, potentiometric (resistive mechanism), resonance etc.
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5. CODES, STANDARDS, PROCEDURE AND GUIDELINES
5.1. Standards applicable to leak testing
5.1.1. General guidance regarding method selection and calibration

These standards are examples of standards which are widely used for the selection of the
appropriate leak testing technique and for calibration. They should be referred prior to
selecting any leak testing method.

While the standards listed are those available at the time of writing, one should always consult
the latest edition of the referenced standard. This list is meant to demonstrate the scope of
standards which are available, however there may be other standards, national and
international, that apply to a specific leak testing task or to a specific type of product.

ASTM E432 —91(2004) Standard Guide for Selection of a Leak Testing Method.
ASTM E479 —91(2006) Standard Guide for Preparation of a Leak Testing Specification.

BS EN 1330-4 (2010) Non-destructive testing Terminology. Terms used in leak
tightness testing.

BS EN 1779 (1999) Non-destructive testing: Leak testing; Criteria for method and
technique selection.

BS EN 13192 (2002) Non-destructive testing: Leak testing; Calibration of reference leaks for
gases.

BS EN 13625 (2002) Non-destructive testing: Leak test; Guide to the selection of
instrumentation for the measurement of gas leakage.

5.1.2. Standards detailing test methods

The following standards have been selected from the literature to demonstrate the level of
documentation that is available for application to specific leak testing techniques. The list
may not be complete, and it should be recognized that the field of leak testing is a dynamic
field with continual discovery of new applications. Similarly standards are continually being
revised to ensure that the documentation keeps pace with industrial applications—the standard
numbers and titles may change with revision.

ASTM EA427 — 95(2006) Standard Practice for Testing for Leaks Using the Halogen Leak
Detector (Alkali-lon Diode).

ASTM E493 — 06 Standard Test Methods for Leaks Using the Mass Spectrometer Leak
Detector in the Inside-Out Testing Mode.

ASTM E498 — 95(2006) Standard Test Methods for Leaks Using the Mass Spectrometer Leak
Detector or Residual Gas Analyzer in the Tracer Probe Mode.

ASTM E499 — 95(2006) Standard Test Methods for Leaks Using the Mass Spectrometer Leak
Detector in the Detector Probe Mode.

ASTM E515 — 05 Standard Test Method for Leaks Using Bubble Emission Techniques.
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ASTM E908 — 98(2004), Standard Practice for Calibrating Gaseous Reference Leaks.
ASTM E1002 - 05, Standard Test Method for Leaks Using Ultrasonics.

ASTM E1003 — 05, Standard Test Method for Hydrostatic Leak Testing.

ASTM E1066 — 95(2006) Standard Test Method for Ammonia Colorimetric Leak Testing.

ASTM E1211 — 07 Standard Practice for Leak Detection and Location Using Surface-
Mounted Acoustic Emission Sensors.

ASTM E1603 — 99(2006) Standard Test Methods for Leakage Measurement Using the Mass
Spectrometer Leak Detector or Residual Gas Analyzer in the Hood Mode.

BS EN 1518 (1998) Non-destructive testing — Leak testing — Characterization of mass
spectrometer leak detectors.

BS EN 1593 (1999) Non-destructive testing — Leak testing — Bubble emission techniques.
BSEN 1779 (1999) Leak tightness by indication or measurement of gas leakage.

BS EN 13184 (2001) Non-destructive testing — Leak testing — Pressure change method.
BS EN 13185 (2001) Non-destructive testing. Leak testing. Tracer gas method.

5.1.3. Standardsrelated to specific product forms

In addition to the many standards that relate to the testing techniques and their applications, it
should be recognized that the manufacturers and users of specific equipment may include in
their standards some requirements for leak testing. Some typica such product standards are
listed in this section. There has been no attempt to list al such standards and it is incumbent
on the user to be familiar with the technology related to the specific product being examined.

SO 27895 (2009) Vacuum technology - Valves — Leak test.

BS EN 12298 (1998) Biotechnology - Equipment - Guidance on testing procedures for leak
tightness

ASTM A1047 —05(2009) Standard Test Method for Pneumatic Leak Testing of Tubing.

ASTM D4991 — 07 Standard Test Method for Leakage Testing of Empty Rigid Containers by
Vacuum Method.

ASTM F2338 — 09 Standard Test Method for Nondestructive Detection of Leaks in Packages
by Vacuum Decay Method.

ASTM F2786 — 10 Standard Practice for Field Leak Testing of Polyethylene (PE) Pressure
Piping Systems Using Gaseous Media under Pressure (Pneumatic Leak Testing).

5.14. Materialsfor the test
Test materials are covered in the individual procedural or recommended practice standards.

For liquid penetrant testing, standard coloured or fluorescent dyes are used. For bubble
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testing, there are a range of commercia solutions available, but the important criteria is the
ability for escaping gas to form bubbles.

Speciaized helium, halogen and radioactive tracers use available, safe and economical
materials.

One of the critical conditionsis that the tracer or other leak testing working materials must not
react in any way with the working fluid in the component being tested. The test materials
should not |leave traces after the test that can react with the working fluids.

5.15. ASME code

The ASME Boiler and Pressure Vessel Code is comprised of several sections related
specifically to pressure equipment. Section V of the Code lists non-destructive test methods
and in this Leak Testing is included. Equally important are the provisions within the product
codes, such as Section | for Boilers, and Section VIII Divison 1 for Pressure Vessels,
providing guidance for when and where to apply leak testing .

Section | calls for hydrostatic testing as an acceptance test for new installations in Paragraph
PG-99, asfollows:

5.15.1. PG-99 hydrostatic test

Hydrostatic testing of the completed boiler unit shall be conducted in accordance with the
following requirements:

After a boiler has been completed (see PG-104), it shall be subjected to pressure tests using
water at not less than ambient temperature, but in no case less than 70°F (20°C). Where
required test pressures are specified in this paragraph, whether minimum or maximum
pressures, they apply to the highest point of the boiler system. When the boiler is completed
in the Manufacturer’s shop without boiler externa piping, subsequent hydrostatic testing of
the boiler external piping shall be the responsibility of any holder of avalid “S,” “A,” or “PP’
stamp. The pressure relief valves need not be included in the hydrostatic test. The tests shall
be made in two stages in the following sequence:

515.2. PG-99.1

Hydrostatic pressure tests shall be applied by raising the pressure gradually to not less than
112 times the maximum allowable working pressure as shown on the data report to be
stamped on the boiler. No part of the boiler shall be subjected to a general membrane stress
greater than 90% of its yield strength (0.2% offset) at test temperature. The primary
membrane stress to which boiler components are subjected during hydrostatic test shall be
taken into account when designing the components. Close visual inspection for leakage is not
required during this stage.”

Section VIII of the ASME Boiler and Pressure Vessel Code covers hydrostatic testing of new
pressure vessels and components in paragraph UG-130 (d) (2):

5.1.5.3. UG-136(d)(2) hydrostatic pressure test

(@ Hydrostatic testing shall be performed on the pressure containing parts of the shell of
each valve at a pressure at least 1.5 times the design pressure of the parts. The vave
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shell is defined as parts, such as the body, bonnet, and cap, which isolate primary or
secondary pressure from atmosphere.

Parts meeting the following criteria shall be exempt from hydrostatic testing:

() the applied stress under hydrostatic test conditions does not exceed 50% of the
allowable stress; and
(2) thepartisnot cast or welded.

(b) Testing may be performed pneumatically at a pressure of 1.25 times the design pressure
of the part. Pneumatic testing can be hazardous; it is therefore recommended that special
precautions be taken when conducting a pneumatic test.

(c) Testing may be done in the component or assembled condition.

(d) These tests shall be conducted after all machining and welding operations on the parts
have been completed.

(e) Thereshall be no visible sign of leakage.

These particular instructions are common to all of the ASME product codes; ASME relies on
the ability of the manufactured component or device to hold pressure—the visual observation
for leaking coupled with observation of pressure drop has served well for many years.

5.2. Test specifications and procedures

5.2.1. Definition of testing and instructions, considering field of application, equipment
and technique

Leak testing techniques are based on widely differing technologies. It follows that each
technique has its own set of rules and instructions, its own dedicated equipment and its own
safety rules. The selection of the correct technique can only be made with a good knowledge
of the application and the possible test parameters, i.e. static or dynamic, additive, tracer or
working fluid, and detection technique, particularly for those techniques which require
chemical analysis.

5.2.2. Interpretation and evaluation

Interpretation must be based on knowledge of the working system and its performance
characteristics, as well as the testing technique, and how it is affected by the presence of a
leak.

5.2.3. Formulation of instructions for the test

Instructions for any test are prepared by or on behalf of a Level 3 expert. Generally these will
be based on a published standard, on product information provided by the manufacturer, or on
performance requirements detailed in the specification. Instructions or performance standards
that are unachievable serve no one.

5.2.4. Contents of codes, standards, specifications and guidelines

Documented test instructions may be in the form of codes (referenced in legidation),
standards (industry consensus), purchaser’s specifications or guidelines. It is the latter
category that provide the most challenge for the service provider — he must not only prove
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that the test is appropriate and that the acceptance criteria are achievable, but that the results
are atrueindication of theintegrity of the system tested.

5.3. National standards for leak testing and testing personnel
5.3.1. Quality control of the test and procedure for itsadministration

The qualification of personnel for leak testing is covered in 1SO 9712:2005 and
BSEN 73:2008. These standards provide guidance for third party certification of personnel at
three levelsin any NDT method, and specifically include leak testing.

Most national standards for personnel qualifications are based on one of the two international
documents listed above.

5.3.2. Quality assurance requirements

Genera quality assurance requirements are detailed in Chapter 1 of this book.
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6. SAFETY ASPECTS
6.1. Problems of industrial safety in the use of chemical and inflammable products
6.1.1. Applicable safety standards

Materials used in leak testing may be radioactive or reactive. Where such materials are used,
the appropriate saf ety standards and plant practices shall apply.

6.1.2. Drafting of safety instructions for the personnel involved

Safety is the concern of every worker, with the supervisor bearing specia responsibility to
ensure that the worker has been properly instructed or trained. The role of safety instructions
is to communicate those precautions which are common sense, those which are passed down
by the manufacturer, and those which might arise with the specific application, to the worker.

6.1.3. Safety factors applicable to the test

Aside from any hazards which might arise from the materials being used in the test, the
technician must be constantly aware of the function of the object under test. The
consequences of afailure in service emphasize the importance of the test. For pressure tests,
particularly pneumatic tests, the requirement to overpressure creates a hazard in itself.

Investigating leaks in an operating system can be hazardous. If the system is known to be
leaking, there is a possibility that the leak is growing, and full failure could result. If the
working contents are explosive, combustible or toxic, leaks must be approached with a great
deal of caution.

6.2. Control of hazards from toxic and radioactive liquids, vapours and particles of
flammable liquids and vapours

Hazards can be associated with the working fluids in the systems being tested or with the
testing fluids. Some specific precautions for handling chemicals are listed below.

6.2.1. Chemical handling

Use bottle carriers to transport chemicals. Close caps securely. Pour al chemicals carefully.
Add acid to water, not water to acid.

6.2.2. Labels

Be sure al labels are securely attached and legible. Keep chemicals in their origina
containers if possible. Label all secondary containers to avoid unknown chemicals and/or
inadvertent reaction. Date all chemicals, which may become unstable over time or are
peroxidizable

6.2.3. Shelves

Do not store chemicals on hard-to-reach shelves. Labels on stored chemicals should be able to
be read easily. Shelves should be made of a chemically resistant material and should have a 2-
inch lip or siderails.
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6.2.4. Incompatible chemicals

Incompatible chemicals should not be stored together. For each chemical, the hazardous
nature must be considered individually and in relation to other chemicalsin the area.

6.2.5. Excessive storage

Avoid stockpiling chemicals. Purchase only what is needed. Use older stock first. Discard
chemicals that are no longer needed or that have expired.

6.2.6. Fume hoods

In general, fume hoods should not be used for storage of chemicals, unless the chemicals are
part of the experiment being conducted in the fume hood at that time. The exception is storage
in a fume hood, which is specifically designed for that storage, and where experimental
procedures are not carried out.

6.2.7. Hazardous waste storage and disposal

Regulations require that hazardous wastes be accumulated and stored in properly managed
containers on sufficiently impervious surfaces (free of cracks, gaps, etc.).

6.2.8. Storage
Hazardous waste in laboratories must be stored in satellite accumul ation areas.
6.2.9. Disposal

Once a satellite accumulation area container is filled, it must be dated and transferred to a
main accumulation area or shipped off-site. Disposal of hazardous wastes and chemicals in
laboratory sinks is prohibited by regulation.

6.2.10. Labeling

Containers that accumulate and store hazardous waste must be labeled with the following
information:

— Thewords "Hazardous Waste"

— Thewaste type in words (Spent non-halogenated solvents, waste oil, etc.);
— Theassociated hazard in words (i.e. ignitable, toxic, etc.); and

— The date upon which the container became filled.

Containers must be labeled and situated so that |abels are clearly visible.
6.2.11. Closure

Containers must be closed at al times, unless waste is being added or removed. Open-top
funnels may not be left in open containers.
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6.2.12. Condition

Containers must be in good condition. There may not be severe rusting, dents or other
conditions that could cause leaks, etc.

6.2.13. Compatibility

Containers must be compatible with hazardous waste stored within them. When in doubt, use
the original shipping container.

6.2.14. | nspections

Containers must be inspected weekly by laboratory personnel to ensure that they are properly
labeled, in good condition and meet the criteria described above.

6.2.15. Hazardous waste minimization

Laws may require generators of hazardous waste to implement measures to limit and reduce
the volume and toxicity of hazardous waste. Laboratory waste minimization techniques
include:

—  Process/equipment adjustment or modification;
— Toxic material substitution;

— Waste segregation and separation; and

— Recycling

Where possible, microchemistry will reduce waste volume and has the added benefit of
minimizing health and safety concerns. The exercise of prudence in ordering new chemicals
will also ensure that excess chemical does not become subject to disposal has hazardous
waste

6.3. Safety precautions with compressed gas cylinders

Use and storage of any compressed gas under high pressure can be extremely dangerous if
proper gas handling procedures are not observed. Moreover, chemical characteristics of
specialty gases themselves can pose serious heath hazards if containment is not tightly
controlled. Paying close attention to a compressed gas product’s technical and safety
information is invaluable for maintaining a safe, productive working environment and for
ensuring reliable, efficient use of compressed specialty gases for any application.

All cylinders containing gases must be labeled, packaged and shipped according to local and
national requirements as well as industry standards. Transportation label diamonds, regardless
of colour, indicate hazardous materials. Personnel handling any compressed gas should be
familiar with the potential hazards before using the gas. In addition to the chemical hazards of
compressed gases, hazards accompanying high pressure or low temperature may also be
present due to the physical state of the gas (i.e. liquefied or nonliquified).

It is also recommended that personnel who handle compressed gases engage in pre-job
discussion with their supervisor or another knowledgeable coworker before beginning any
task. The job should be outlined job step by step. Potentia emergencies and the safe and
proper measures necessary to avoid these emergencies should be discussed.
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Some categories of industrial gases are described in the following paragraphs, however the
reader is strongly cautioned to refer to the MSDS sheets provided with the product he is
using.

6.3.1. Corrosive

Gases that corrode material or tissue with which they come in contact, or do so in the
presence of water, are classified as corrosive. They can aso be reactive and toxic and/or
flammable or an oxidizer. Most are hazardous in low concentrations over long periods of
time. It is essential that equipment used for handling corrosive gases be constructed of proper
materials. Use check valves and traps in a system where there is a possibility that water or
other inorganic materials can be sucked back into the cylinder. Due to the probability of
irritation and damage to the lungs, mucus membranes and eye tissues from contact, the
threshold limit values of the gas should be rigidly observed. Proper protective clothing and
equipment must be used to minimize exposure to corrosive materials. A full body shower and
eye wash station should be in the area. Personnel must be familiar with the work area. Aisles
should always be clear and unobstructed in the event that the gas makes contact with the eyes
and vision is disrupted.

6.3.2. Flammable

Gases that, when mixed with air at atmospheric temperature and pressure, form a flammable
mixture at 13% or less by volume, or have a flammable range in air of greater than 12% by
volume regardless of the lower flammable limit, are classified as flammable. They can be
high-pressure, toxic, reactive and displace oxygen in air. A change in temperature, pressure or
oxidant concentration may vary the flammability range considerably. All possible sources of
ignition must be eliminated through proper design of facilities and the restriction of smoking
and open flames. Use a vent line made of stainless steel, purge with an inert gas and use a
flash arrester. It is important to have (and know how to use) a fire extinguisher in the area
where flammable gases are used and stored, as well as a hand-held flammable gas detector to
determine if flammable gases are building up. This gas detector can also be used as a leak
detector on the lines of the equipment being used. Always remember that the source of
flammable gas must be closed or shut-off before attempting to put out a fire involving
flammable gases.

6.3.3. Inert

Gases that do not react with other materials at ordinary temperature and pressure are classified
as inert. They are colourless and odourless, as well as nonflammable and nontoxic. The
primary hazard of these gases is pressure. These gases are often stored at pressures exceeding
2,000 psi (138 bar). Also, they can displace the amount of oxygen necessary to support life
when released in a confined place. Use of adequate ventilation and monitoring of the oxygen
content in confined places will minimize the danger of asphyxiation. Always wear safety
glasses and safety gloves when working with the lines to avoid absorption of the gas through
the skin.

6.3.4. Oxidant

Gases that do not burn but will support combustion are classified as oxidants. They can be
high-pressure, toxic and reactive, and can displace breathing oxygen from air (except O,
itself). All possible sources of ignition must be eliminated when handling oxygen and other
oxidants as they react rapidly and violently. Do not store combustible materials with oxidants.
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Do not allow oil, grease or other readily combustible materials to come in contact with the
cylinder or equipment used for oxidant services. Use only equipment that is intended for this
type of service. Use only a regulator that has been clearly prepared for use with this type of
service - this regulator should be labeled "Cleaned for O, Services."

6.3.5. Cryogenic

Gases with a boiling point below -130°F (-90°C) at atmospheric temperature are considered
cryogenic gases. They are extremely cold and can produce intense burns (similar to heat
burns) and tissue necrosis may be even more severe. They can be non-flammable, flammable
or oxidizing. Cryogenic liquids can build up intense pressures. At cryogenic temperatures,
system components may become brittle and crack. Never block a line filled with cryogenic
liquid as a dight increase in temperature can cause tremendous and dangerous build-up of
pressure and cause the line to burst. The system should also be designed with a safety relief
valve and, depending upon the gas, a vent line. To protect from injury, always wear gauntlet
gloves to cover hands and arms, and a cryogenic apron to protect the front of the body. Wear
pants over the shoes to prevent liquids from getting trapped inside your shoes. Wear safety
glasses and a face shield as cryogenic liquids tend to bounce upward when spilled.

6.3.6. Toxic or poison

Gases that may produce lethal or other harmful effects on humans are classified as toxic or
poison. They can be high pressure, reactive, nonflammable or flammable, and/or oxidizing in
addition to their toxicity. The degree of toxicity and the effects will vary depending on the
gas, however, death will occur when breathed in sufficient quantities. The permissible
exposure levels must be strictly adhered to.

Never work alone with toxic gases - a backup safety person is essential! Inspect the entire
assembly or system that will contain the gas and thoroughly test it for leaks with an inert gas
before use. Purge al lines with an inert gas before opening the cylinder valve or breaking
connections.

Use toxic gases in a well-ventilated area. For safety purposes and to minimize exposure, it is
important to have gas detectors. It is preferable that the breathing apparatus be stored in a safe
areaimmediately adjacent to the work area, so that in the event of an emergency, a person can
go directly into the area and close the door and safely put on the apparatus. Full body
showers, eye washes, fire alarms and firefighting equipment should be in the area of use and
readily accessible. Refer to your local building code for storage and use requirements for toxic
gases. Keep your inventory of toxic or poison gases to a minimum. When a project is
completed, return leftover cylindersto your gas supplier.

Some useful definitions related to industrial gases follow:
6.3.7. Compressed

Non-flammable material or mixture that is contained under pressure exceeding 41 psia (3 bar)
at 70°F (21°C) or any flammable or poisonous material that is a gas at 70°F (21°C) and
14.7 psia (1 bar) or greater. Most compressed gases will not exceed 2,000 to 2,640 psig
(138 to 182 bar) though some go up to 6,000 psig (414 bar).
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6.3.8. Non-liquefied compressed

Chemical or material other than gas in solution that under the charged pressure is entirely
gaseous at atemperature of 70°F (21°C).

6.3.9. Liquefied compressed

Chemica or material that under the charged pressure is partially liquid at a temperature of
70°F (21°C).

6.3.10. Compressed gasin solution
Non-liquefied compressed gas that is dissolved in a solvent.
6.4. Safety precautions in pressure and vacuum testing

The testing of systems using extreme vacuums can result in collapse of the pressure envelope.
If thisisatank or vessal, then there could be damage to the test object.

Where the test system is testing using pressurization above its norma working level, it
follows that the tester should be prepared for the consequences of failure. This means that
there may need to be protective barriers or screens, but al such precautions will be
specifically dedicated to the risk involved in the test.

6.5. Preparation of pressurized systems for safe leak testing, rise in temperature
dangers

The technician must be conscious at all times of the potential for a rise in temperature to
significantly increase pressure. Since most test techniques do not involve temperature
increases, this is of most concern while conducting dynamic tests. Particular care should be
taken with cryogenic gases since at very low temperatures, a dight change in temperature can
result in an extremely rapid and severe increase in pressure. If the line is blocked, the
container could fail.

A hydrostatic test is a way in which leaks can be found in pressure vessels such as pipelines
and plumbing. The test involves placing water, which is often dyed for visibility, in the pipe
or vessal at the required pressure to ensure that it will not leak or be damaged. It is the most
common method employed for testing pipes and vessels. Using this test helps maintain safety
standards and durability of a vessel over time. Newly manufactured pieces are initialy
qualified using the hydrostatic test. They are then continually re-qualified at regular intervals
using the proof pressure test which is also caled the modified hydrostatic test. Hydrostatic
testing is also a way in which a gas pressure vessel, such as a gas cylinder or a bailer, is
checked for leaks or flaws. Testing is very important because such containers can explode if
they fail when containing compressed gas.

Hydrostatic tests are conducted under the constraints of either the industry's or the customer's
specifications. The vessd is filled with a nearly incompressible liquid - usualy water or oil -
and examined for leaks or permanent changes in shape. Red or fluorescent dyes are usually
added to the water to make leaks easier to see. The test pressure is aways considerably higher
than the operating pressure to give a margin for safety. This margin of safety is typically
150% or 5/3 of the design pressure, depending on the regulations that apply. For example, if a
cylinder was rated to DOT-2015 PSI (approximately 139 bar), it would be tested at around
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3360 PSI (approximately 232 bar). Water is commonly used because it is amost
incompressible (compressible only by weight, not air pressure), so will only expand by avery
small amount should the vessel split. If high pressure gas were used, then the gas would
expand to perhaps several hundred times its compressed volume in an explosion, with the
attendant risk of damage or injury. Thisisthe risk which the testing is intended to mitigate.

Small pressure vessels are normally tested using a water jacket test. The vessel is visualy
examined for defects and then placed in a container filled with water, and in which the change
in volume of the vessel can be measured by monitoring the water level. For best accuracy, a
digital scaleis used to measure the smallest amounts of change. The vessel is then pressurized
for a specified period, usually 30 or more seconds, and then depressurized again. The water
level in the jacket is then examined. The level will be greater if the vessel being tested has
been distorted by the pressure change and did not return to its original volume, or some of the
pressurized water inside has leaked out. In both cases, this will normally signify that the
vessdl has failed the test. If the Rejection Elastic Expansion is more than 10%, or not up to
DOT or customer standards, the cylinder fails, and then goes through a condemning process
marking the cylinder as unsafe. This measures the overall leakage of a system instead of
locating the leaks and additives can be added to the water to reduce resistivity and increase
the sensitivity of the test. The hydrostatic test fluid can also clog small holes (1x10° std cm®/s
or smaller) as a result of the increase in pressure. This is another reason why water is
commonly used.

All the information the tester needs is stamped onto the cylinder. This includes the DOT
information, serial number, manufacturer, and manufacture date. Other information is
stamped as needed such as the REE or how much the manufacturer specifies the cylinder
should expand before it is considered unsafe. All this information is usually taken down and
stored on a computer prior to the testing process. All thisinformation is necessary for keeping
track of when the cylinder has been or needs to be hydrotested.

High Pressure
Water to Chamber o Water to Cylinder

- [
—

FIG. 6.1. Water jacket test.

A simpler test, that is still considered a hydrostatic test but can be performed by anyone who
has a garden hose, is to pressurize the vessel by filling it with water and to physically examine
the outside for leaks. The pressure level achieved in this sort of test does not come close to the
pressure level that would be used in a professional testing facility.
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6.6. Industrial safety standards, hydrotesting of pipe, pipelines and vessels

Hydrotesting of pipe, pipelines and vessels is done to ensure safe operation at design
pressures, to expose possible leaks and to serve as a final validation of structural integrity.
ASME B31.3 section 345 (2010) requires hydrotesting to ensure tightness and strength.

For buried high pressure pipelines, testing for strength is done by pressurizing them to 125%
of their maximum operating pressure, in other words, 80% of specified minimum yield stress
or hoop stress. During the testing, it is essentia to ensure that excessive plastic deformation
does not occur. On the other hand, BS PD 8010-3 (2004) requires testing to 150% of the
design pressure. This should not be less than the maximum operating pressure plus surge and
other incidental effects that might occur during normal operation. Most countries have strict
legidation that requires pipelines and pressure vessels to be periodically tested, typicaly
every two years using visua inspection for high pressure gas cylinders and five or ten years
for low pressure systems.

6.7. Danger in presence of hydrogen

Hydrogen poses unique challenges due to its ease of leaking, low-energy ignition, wide range
of combustible fuel-air mixtures, buoyancy, and its ability to embrittle metals that must be
addressed to ensure safe operation. Hydrogen can be explosive under specific concentration,
temperature and pressure conditions. Special precautions are needed for testing, handling and
plant personnel safety. Liquid hydrogen poses additional challenges due to its increased
density and extremely low temperatures. Hydrogen-air mixtures can ignite with very low
energy input, for reference, an invisible spark can cause ignition. The minimum energy
required for spark ignition at atmospheric pressure is approximately 0.02 millijoules. The
flammability limits based on the volume percent of hydrogen in air at 1 atm (101 kPa) are 4.0
and 75.0 while they are 4.0 and 94.0 for hydrogen in oxygen. The explosive limits (upper and
lower limits of percentage composition of a gas mixture explodes when ignited) of hydrogen
in air are 18.3 to 59 percent by volume. Hydrogen collects under roofs and overhangs, where
it forms an explosion hazard and this calls for good ventilation. Hydrogen pipes should be
located above other pipes to prevent explosion hazards. Hydrogen leaks can support
combustion at very low flow rates, as low as 4 micrograms/s. Flames in and around pipes or
structures can create turbulence that causes a deflagration or detonation. Further, hydrogen
diffuses extensively and is particularly subject to leakage with high leak rate because of its
low viscosity and low molecular weight (leakage is inversely proportional to viscosity). The
leak rate is 50 times that of water, and 10 times that of liquid nitrogen. Hydrogen sensors
allow for rapid detection of hydrogen leaks. As in natural gas, an odorant can be added to
hydrogen sources to enable leaks to be detected by smell. It is difficult to see hydrogen flames
with the naked eye. However, they are readily seen by UV or infrared detectors.

6.7.1. Leakage, diffusion, and buoyancy

These hazards result from the difficulty in containing hydrogen. Hydrogen diffuses
extensively, and when a liquid spill or large gas release occurs, a combustible mixture can
form over a considerable distance from the spill location.

Hydrogen, in both the liquid and gaseous states, is particularly subject to leakage because of
its low viscosity and low molecular weight (leakage is inversely proportional to viscosity).
Because of its low viscosity alone, the leakage rate of liquid hydrogen is roughly 100 times
that of JP-4 fuel, 50 times that of water, and 10 times that of liquid nitrogen.
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Hydrogen leaks can support combustion at very low flow rates, aslow as 4 micrograms/s.

Condensed and solidified atmospheric air, or trace air accumulated in manufacturing,
contaminates liquid hydrogen, thereby forming an unstable mixture. This mixture may
detonate with effects ssimilar to those produced by trinitrotoluene (TNT) and other highly
explosive materials.

Liquid Hydrogen requires complex storage technology such as the special thermally insulated
containers and requires specia handling common to all cryogenic substances. This is similar
to, but more severe than liquid oxygen. Even with thermally insulated containersit is difficult
to keep such a low temperature, and the hydrogen will gradually leak away (typically it will
evaporate at arate of 1% per day).

Hydrogen collects under roofs and overhangs, where it forms an explosion hazard; any
building that contains a potential source of hydrogen should have good ventilation, strong
ignition suppression systems for all electric devices, and preferably be designed to have a roof
that can be safely blown away from the rest of the structure in an explosion. It also enters
pipes and can follow them to their destinations. Hydrogen pipes should be located above other
pipes to prevent this occurrence. Hydrogen sensors allow for rapid detection of hydrogen
leaks to ensure that the hydrogen can be vented and the source of the leak tracked down. Asin
natural gas, an odorant can be added to hydrogen sources to enable leaks to be detected by
smell. While hydrogen flames can be hard to see with the naked eye, they show up readily on
UV/IR flame detectors.

6.8. Sparking and combustion

Working with fuel gases including hydrogen in potential low concentrations requires especial
prudence in the use of hand tools and electrical equipment. The worker should always be
conscious of the potential for ignition and combustion. The clash of steel tools could result in
a spark, eectrical equipment could short and cause an arc, and dry clothing could result in
static electricity which could aso be an ignitor for the right mixture of fuel and oxidant.

In bubble testing, simple soap or detergent solutions in water are effective and economical
indicators. If working on a line or vessel that contains, did contain or could contain oxygen,
the worker needs to be aware that some detergents contain hydrocarbons and hence the danger
of providing afuel in the presence of pure oxygen could have disastrous results.

6.9. Psychological factors and safety programme

No worker should endanger his health or his physical well-being in the course of hisduties. It
follows that any industrial activity should be conducted safely and with due respect to the
environment. Generally there are laws and rules of good practice that govern every
workplace. Inspectors often are only temporary visitors to the workplace. Although most
service sites now provide site specific safety training as a condition of working on that site,
the inspector still finds the occasiona site where he has to apply his own common sense and
the rules of his employer.

Every employee (and supervisor and manager) must be aware of their individual

responsibility for their own safety. Safe work practices are documented for all activities
including testing, and the worker must be aware of these practices.
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Even if a formal safety programme is not required by law, it follows that the leak tester’'s
employer should, just as a matter of good practice and risk management, have his own
programme.
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7. APPLICATIONS

A number of conventional NDT methods can be applied effectively to the detection of leaks,
and thus can be considered techniques in the context of leak testing. Specific methods that
can be used this way are liquid penetrant testing (PT) and acoustic emission testing (AET).
Reference should be made to Chapter 1, where an overview of the use of these methods is
presented.

7.1. System reliability through leak testing

The use of the “leak before break” design concept relies on a detectable leak being the first
indication of aflaw. To the extent this concept is used, the detection of |eaks as soon as they
occur iscritical.

Loss of contents can result in many serious consequences. A toxic gas or liquid may take
lives. Even anontoxic contaminant may spoil the environment. Leakage might result in loss
of lubricant and thus machinery failure. In the packaging industry, a leak might result in
product spoilage. Of course, there is always the economic loss associated with a product |0ss,
aswell as costs associated with clean up.

7.2. Leak testing related to material flaws

Through cracks result in leakage, and through cracks may be precursors of more extensive
cracking or fracture. In particular, pin holes and tiny internal breaches are detectable using
leak detection techniques.

7.3. Desired degree of leak tightness

Product specifications often recognize that perfect leak tightness is impossible, and thus
specify amaximum leak rate. For many aerospace applications, for example, components and
systems are typically required to have a leak rate of less than 5-10° standard cubic
centimeters of gas at a pressure of one atmosphere (5-10° mbar-L%/sec).

7.4. Helium leak testing

Before aleak test examination is performed, it is necessary to determine if the examination is
to ascertain whether leaks are present or not, overall leak detection, or if the examination is to
determine the location of aleak, localising leak detection. In some cases, an examination for
overall leak detection is performed first, and if leaks are detected, the localising method is
applied for pinpointing of the leak. Thisis however not always required nor possible.

Secondly, it is necessary to determine the leak rate which can be tolerated, as no object is
100% tight. This is the requirements of tightness of the object. If, for example, the object has
to be watertight, a leak rate below 10 mbar I/s will be sufficient. If the object, for example,
isto be used in the chemical industry the requirements can be aleak rate below 10° mbar | / s.

In leak testing, a pressure difference between the outer and the inner side of the object to be
examined is produced. Subsequently the amount of gas or liquid which is passing through a
leak is measured. In the helium leak test (see fig. 7.1), helium is used as a search gas. In
principle, two methods are applied for leak testing and location of leaks, the "Vacuum
method" and the "Overpressure method".
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FIG. 7.1. Helium leak test.

In the "Vacuum method", the object to be examined for leaks is evacuated and sprayed from
the outside with Helium. The gas enters through any leaks present in the object and is detected
by a sensor connected to the leak test instrument.

In the "Overpressure method", the object to be examined for leaks is filled with the search
gas, Helium, under slight overpressure. The search gas escapes through any leaks present to
the outside and is detected by a detector probe. This detector probe is in most cases called a
"sniffer" acting as a gas sampling probe.

For both methods specially developed leak detectors are available.

The object under test should, if possible, be tested according to its final mode of use, i.e. if it
is used under vacuum, the vacuum method should be applied, if it is finally pressurised, the
overpressure method should be adopted.

Examples of testing with the two methods are illustrated below. The Vacuum method is
illustrated with the Hood Test and the Tracer Probe Test and the Overpressure method with
the Hood test, the Bombing test and the Detector Probe or Sniffer test.

7.4.1. Vacuum method - Hood test

The Hood Test isan overall leak test. The evacuated test object is covered with a plastic hood.
The space between the test object and the hood is filled with Helium from the search gas
reservoir so the total outer surface of the test object is exposed to the Helium search gas, as
shown in fig. 7.2. The helium enters through all leaks present at the evacuated test object and
thus the detector connected to it. The detector then indicates the total leak rate.

The hood test can be used for examination of small vessels.
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7.4.2. Vacuum method - Tracer probe test

For the tracer probe test, the same set-up as used for the hood test is applied, but without the
hood. A spray gun is used to spray a fine jet of helium search gas at areas suspected of
leaking, as shown in fig. 7.3. Again the helium enters through leaks to the evacuated test
object and the detector connected to it. The detector indicates if aleak is present at the areato
which the helium search gasis exposed.

The tracer probe test can be used on seals, flange connections, and weld seams.
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FIG. 7.3. Helium leak test, vacuum method, tracer probe test.
7.4.3. Overpressure method - Hood test

Like the vacuum hood test, the overpressure hood test is an overall leak test. A test set-up
similar to the vacuum test is used. A vacuum chamber is used for the hood, which can be
evacuated by a auxiliary pump and to which the leak detector is connected, as fig. 7.4
illustrates. The helium search gas which is escaping through leaks in the test object is
indicated by the leak detector.

The use of a helium leak detector allows detection of extremely small leaks and is suitable for
automatic leak detection in industrial equipment.
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The hood test can be used for examination of vessels and heat exchangers.

Hood for Hellwm
BCCUmulation

Vacuum
pump

g |

- N

Helium
Helium lesk
detector

; S

FIG. 7.4. Helium leak test, overpressure method, Hood test.
7.4.4. Overpressure method - Bombing test

The bombing test is a pressure/vacuum method of leak detection used for testing of
hermetically sealed components containing a cavity which can be gas-filled or evacuated. The
object to be tested is placed in a pressure chamber exposed to the helium search gas. During
an exposure time of up to several hours at a high helium pressure, the helium will penetrate
through any leaks present in the test object. This is the part referred to as the “bombing”.
After the pressurisation or bombing, the objects are tested for helium emission in a vacuum
vessel, following the same procedure as in the hood test. This test permits detection of the
smallest leak rates and is especialy used for objects which cannot be gas-filled by other
means.

The bombing test can be used for examination of transistors and vacuum packed medications.
7.5. Applications of halogen leak detection

A halogen-diode detector uses a special sensing element that responds to halogen compound
gases, such as bromine, iodine, fluorine, or chlorine. These compounds are used as
pressurized tracer gases inside a vessel, triggering a probe in the detector device whenever gas
begins to leak out. There are multiple types of halogen-diode detectors, but each is composed
of a sensing element and a control unit. The sensing element, or probe, functions according to
the principles of ion emission. Positive-ion emissions rise along with increases in halogen
compound gas, and the ion current is converted into an electrical signal to indicate leaks.
When locating leaks, the probe is moved over the area of joints or seams in an enclosure,
touching the surface of any metal container. When it passes over a leak, the probe draws in
the tracer gas and emits an audible visual signal. It is important not to pass the detector too
quickly over the vessel’ s surface, as this may cause smaller leaks to go undetected.

Halogen leak detection is widely applied to detecting leaks in refrigeration systems, as the
working gases often contain halogens.

7.6. Applications of bubble leak detection

Product and food packaging is tested for leaks using the visual vacuum bubble leak testing
technique for product and food packaging that contains some headspace gas. This may also be
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referred to as bubble emission testing when packaging is immersed under water under
atmospheric conditions.

The bubble emission test is used to determine package integrity. Issues such as packaging
material compatibility, sealing machine setup and seal reliability are crucial for high atitude
trucking and airfreight shipments. Package integrity is also crucia to consumer safety since
heat sealed packages are designed to provide a contamination free and sterile environment to
the product.

Leak testing by bubble emission can be a destructive testing method and just like with dye
penetrant leak testing, manufacturers should expect to waste a certain amount of package
material and products. Leak testing by bubble emission involves submerging the package
underwater and looking for leaks. With the proper equipment, vacuum can also be used to
reduce the external pressure on the sealed package, giving sufficient internal pressure to allow
air or gasto leak out from a defect creating a stream of bubbles.

Vacuum bubble emission testing is performed by fi Iling a test vacuum chamber with water so
that the package is submerged by water. The chamber lid is then closed and vacuum is
applied. Vacuum is slowly increased so the package expands. The package is observed for a
steady progression of bubbles from the fl exible container indicating a leak. Once the vacuum
is released the package is also inspected for the presence of test fluid inside the specimen.
Flexible packing with little or no head space cannot be reliably evaluated with this test
method. Parameters such as the vacuum level during test and the testing time will vary based
on the various types of packaging methods and requirements.

7.7. Applications of vacuum box leak detection

Vacuum Box Testing is a practical technique of testing in comparison to the quantitative
measures used to examine objects. Vacuum box testing can be used to test objects on which a
pressure differential can be created across the area to be examined. The common application
areas of vacuum box testing include piping systems, pressure vessels, and storage tanks.

There are various types of boxes or frames used in Vacuum Box Testing depending upon the
application area. Vacuum box inspection can be carried out on lap welds, butt welds and fillet
welds. These vacuum boxes are used to examine a small and specific portion of the welded
area to produce accurate results. The vacuum boxes used in vacuum box testing are fabricated
of thick, clear Perspex with a closed cell foam seal along the bottom edge.

Before proceeding with the vacuum box testing, a vacuum gauge and hose coupling are fitted
in the box. Then a soapy solution is put on the line of welding in the testing object. After that
the vacuum box is placed over the testing object and a vacuity is created inside the box. Now,
the object is observed, if there any drop in the vacuum or bubble formation on the surface
then it shows that there isleak in the weld and the object is defected or faulty.

Vacuum box testing is avery popular leak testing technique that is widely used to test various
objects against defects, flaws, leaks, or other imperfections. It is very efficient and effective
way of testing various welded objects for any kind of leaks or defects. There are basically two
main types of vacuum box systems used for performing vacuum testing:

(@ High Pressure Models that are mainly used for inspection of above ground storage tanks
that have been in service.
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(b) Low Pressure Models used for weld integrity checks on new tank builds where gross
defects are the main concern.

7.8. Applications of further and advanced techniques
7.8.1. Radioactivetracers

The use of radioactive tracers in the detection of leaks in pressure vessels and pipelinesis well
documented.? In any closed system, while on-line, the introduction of a small amount of
radioactive tracer coupled with strategically located sensors for online detection, or a portable
detector to manually examine a specific installation, provides early and accurate identification
and localization of leaks.

For on-line applications, where small amounts of tracer can be introduced with no impact on
the processitself, radiotracers offer a very sensitive tool with limited expense.

7.8.1.1. Radiotracer techniques for leak detection in underground pipelines

Some conventional NDT techniques such as gas detection, acoustic emission, and infrared
waves have been developed for underground pipeline leakage detection. Leak location of a
long underground pipeline, however, with these techniques is an extremely difficult task, as
their sengitivity and ability for on-line leak location do not meet stringent field conditions.

Radiotracer techniques are very useful in the detection of leaks in underground pipelines
because of their high sensitivity and accuracy in comparison with conventional NDT
techniques. An appropriate radiotracer is injected into a pipeline and a certain pressure is
applied to the pipeline to cause the radiotracer to follow any existing leak paths. The leaked
tracer may migrate towards the ground surface in case of gaseous radiotracer or be absorbed
into the soil or thermal insulation around the leak point in case of liquid radiotracer. The
location of aleak is discovered by surveying the radioactivity from the leaked radiotracer.

The detection of the leaked radiotracer is performed from the ground surface, when the
thickness of the soil above the pipeline is smal enough (the gamma radiation of the
radiotracer or the gaseous radiotracer itself can penetrate to the ground surface). In case of
deeply buried pipelines the detection of leaked radiotracer is performed from the inside of the
pipeline using a pipeline PIG (pipeline inspection gauge) equipped with one or more radiation
detectors and a data logging system.

Three methods are used generally to detect and locate leaks in buried pipelines: tracer patch
migration method, velocity drop method, and radiotracer — detector PIG method.

7.8.1.2. Radiotracer patch migration technique

This technique is known also as the radiotracer pulse migration method. The section of a
pipeline to be inspected is filled with a fluid and is isolated by closing the valves. A small
amount of radiotracer is introduced as single pulse at an injection point located in the middle
section of the pipeline. A preset pressure is applied to the pipeline through the injection point
using a pressure pump. The movement of the radiotracer is monitored by two radiation

2 |AEA Training Course Series No. 38, Lesk detection in heat exchangers and underground pipelines using
radiotracers, Vienna (2009) gives a detailed description for this gpplication.
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detectors installed at a few meters away from the injection point to both sides as shown in
Fig. 7.5.

Radiotracer »

FIG. 7.5. Radiotracer patch migration technique.

The radiotracer patch moves along with the fluid and migrates towards the location of the
leak. Rough estimation of the leak flow rate is aso possible by measuring the velocity of the
tracer patch movement. The search for the exact location of the leak can continue only at that
side to which the radiotracer is moving. A modification of this method is to inject a
radiotracer from one end and monitor its migration towards the leak using many detectors
installed along the pipe. The pipeline dimensions affect the velocity of the radiotracer
movement along its way from the injection point to the leak point. The chance to find small
leaks in large diameter pipelines is rather scarce because the radiotracer concentration
decreases under the influence of diffusion and dilution with respect to time. For larger leaks,
this technique works quite well. The radiotracer patch migration technique can be employed
in some circumstances for both shallow and deeply buried pipelines. For shallow buried
pipelines, the detection is normally performed by moving a detector on the ground surface
along the pipeline, while for deeply buried pipelines, the radiotracer patch inside the pipeline
is monitored using radiation detectors lodged into pits dug at regular intervals along the
ground surface projection of the pipeline (Fig. 7.6). Dug pits are few tens of centimetre depth,
sufficient to shelter the detection probe as much as possible near the pipeline.
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FIG. 7.6. Radiotracer patch migration method using dug pits for radiation detection.

7.8.1.3. Radiotracer leak detection in an underground cooling water pipeline at a thermal
power station — a case study

Cooling water was being pumped from the water pump to the condensers of a thermal
powerplant by a 400 meter long buried pipeline (Fig. 7.7). Two pumps feed water to the

156



pipeline which is made of mild steel having internal diameter of 2240 mm with 12 mm wall
thickness. The total volumetric flow rate in the pipeline is 29043 m*hour. This pipeline is
buried about 2 meters deep under the soil surface up to the plant building entry point. Inside
the plant building, the pipe is buried under a one meter thick reinforced concrete floor. Under
the concrete floor, there is further 0.5 to 1.0 meter of soil cover over the pipeline. At the
distribution point, inside the building, three pipes (labelled as Pipe #1, Pipe #2 and Pipe #3,
shown in Fig.7.7.) were teeing-off vertically upwards from the main pipeline. Each teeing-off
pipe has a metal sleeve around it separating the pipe from the concrete floor. There is a gap
(3-5 cm wide) between the teeing-off pipe and the metal sleeve. Leakage water is flowing
out from the gap between pipe and sleeve around al three teeing-off pipes. The first teeing-
off pipe supplies water to various services and has a volume flow rate of 1543 m*hour. The
second and third pipes supplies water to condensers with a volume flow rate of
13750 m*hour each. Furthermore, there is a pit (~ 5 x 5 x 5 cm) between Pipe # 2 and 3 (just
adjacent to Pipe #3 as shown in Fig. 7.7.
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FIG. 7.7. Layout of ‘teeing-off’ pipes and leakage monitoring plan.
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A number of plant installations are present in the near vicinity of the leakage point and it is
not economical to dig out the floor without knowing the exact position of leakage.
Apparently, leakage water was coming out around all three teeing-off pipes and in first
instance it looked like the leakage was at teeing-off joints. Much more water appeared to be
leaking from Pipe # 1 compared to Pipes #2 and #3. A small amount of water was aso
leaking from the pit. Because there is one-meter thick reinforced concrete floor overlying the
pipeline and all around inside the building area, any leakage in the portion of the pipeline
which is inside the building can only come out on the floor from the three metal sleeves
around Pipe# 1, 2, 3 and the pit dug in floor near Pipe #3. Any leakage in the area outside the
plant building has little chance to appear inside the building because of soil nature and natural
drainage conditions. Therefore, leakage may be anywhere in the pipeline after it enters the
building. The objective of the radiotracer study was to identify all leakage points so that an
appropriate repair plan could be prepared.

A radiotracer pulse migration procedure was used to investigate this problem. An activity of
~50 mCi of 131 | in the form of Nal solution was injected at the pump inlet in the sump pit
close to the suction point. A glass via containing liquid radiotracer was crushed inside the
water using a specially designed via crushing mechanism. Radiotracer injection was
monitored at pump outlet using a collimated sodium iodide (Nal) detector of 2" x 2" crystal.

The volume flow rate of cooling water inside the pipeline was 29043 m*/hour at a pressure of
2 kg/em? and linear speed of around 2 m/s. Therefore, radiotracer flowing inside the pipeline
will travel relatively quickly aong with the cooling water, but, when water leaks out, its speed
and pressure become lower.
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Two radiation detectors were installed side by side at the exit point of leakage water at each
teeing-off pipe to detect radiotracer flowing inside the pipeline and radiotracer present in
leakage water. There is an appreciable time-lag between the arrival, at detectors, of
radiotracer flowing inside the pipe and radiotracer present in leakage water. Logically,
radiotracer flowing inside the pipeline should arrive at the detection point earlier than the
radiotracer present in leakage water. Similarly, radiotracer present in leakage water should
appear earlier at those radiation detectors that are relatively closer to the leakage point. Seven
detectors (Nal, 2" x 2”) were installed around the suspected leakage points for monitoring of
radiotracer present in water flowing inside the pipelines as well as in potential |eakage water.
Detectors D1, D3 and D6 were installed adjacent to pipe #1, pipe #2 and pipe #3 respectively.

These detectors were not collimated and were immersed inside the |eakage water coming out
from the deeves of the respective pipes. The purpose of these detectors was to monitor
radiotracer present in the leakage water outside the pipes but they could also see the
radiotracer passing inside the pipes because they are installed just near the pipes.

Fig. 7.8 shows the experimental response curves recorded by 7 detectors. Detectors D2, D4
and D7 were collimated with lead shielding and were installed horizontally against pipe #1,
#2 and #3 respectively. The purpose of these detectors was to monitor radiotracer passing
inside the pipes only, i.e., they were made blind to the tracer in leakage water. Detector D5
was uncollimated and installed in the pit water. It could see radiotracer inside adjacent pipe #3
aswell asradiotracer present in |leakage water.
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FIG. 7.8. Radiotracer responses registered by seven detectors.

The leakage water from pipe #1, #2, #3 and pit was isolated, on the floor, separated so that
leakage for one point did not mix from leakage from any other point until it leaves the area of
the radiation detectors and is discharged into the drain.

The summary of radiotracer arrival and peak timings at seven detectorsis given in Table 7.1.

The comparison between the relative timings of leakage peaks helps determine the leakage
points.
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TABLE 7.1. RADIOTRACER ARRIVAL AND PEAK TIMINGS FROM DIFFERENT
DETECTORS

D-1 D-2 D-3 D-4 D-5 D-6 D-7
Detector (LW-P1)  (P1) (LW-P2)  (P2) (Pit)  (LW-P3)  (P3)
Tracer arrival time (sec) 2266 2266 2269 2269 2272 2272 2272

Peak 1 (signal from pipe) 2291 2287 2292 2293 2292 2296 2298

Peak 2 (leakage) 2349 - 2399 - 2289 2262 -

Peak 3 (leakage) 2497 - - - - - -

The arrival of radiotracer at detectors D1land D2 is recorded at the same time i.e, at
2266 seconds. Detector D1 has recorded three peaks; peak 1 is due to tracer flowing inside the
pipe #1 while peak 2 and peak 3 are due to leakage. Detectors D2, D4 and D7 have recorded
only one peak because they are seeing radiotracer flowing inside pipe #1 only and are blind to
radiotracer present in leakage water. The arrival of radiotracer at detectors D3 and D4 is
recorded at the same time i.e., a 2269 seconds (3 seconds after radiotracer arrival inside
pipe #1). Detector D3 has recorded two peaks, peak 1 is due to tracer flowing inside pipe #2
and peak 2 isdue to leakage. Arrival of radiotracer at detector D5 isrecorded at 2272 seconds.
This detector has recorded two peaks. Peak 1 is recorded at 2292 seconds and it is due to
radiotracer inside pipe #3, while peak 2 recorded at 2389 seconds is due to leakage. The
arrival of radiotracer at detectors D6 and D7 isrecorded at the sametimei.e., at 2272 seconds
(3 seconds after radiotracer arrival at pipe #2). Detector D6 has recorded two peaks. Peak 1is
due to tracer flowing inside pipe #3 and peak 2 is due to leakage water. Radiotracer responses
of un-collimated detectors D1, D3, D5 and D6, which were monitoring radiotracer flowing
inside the pipes as well as from leakage water, are presented in Fig. 67. Radiotracer arrival at
detectors D1, D3 and D6 is recorded exactly at the same time as it is recorded at collimated
detectors D2, D4 and D7 respectively. Detector D5 also recorded the same arrival time as
that of Detector D6 and D7. Peak 1 of all the four detectors represents the radiotracer passing
through the pipes while peak 2 of all detectors and peak 3 of detector D1 represent the leakage
water.

The leakage peak first appears at detector D1 (installed at pipe #1) at 2349 s which indicates
leakage near pipe #1. It then appears at detector D6 (installed at pipe #3) at 2362 s indicating
leakage near pipe #3. The leakage water near pipe #3 travels backwards in the soil along the
outer surface of the pipeline and reaches detector D5 (installed in pit water) at 2389 s. The
same leakage water travels further backwards and reaches detector D3 (installed at pipe #2) at
2399 s. This leakage water travels further more towards pipe #1 and reaches detector D1
(installed at pipe#1) at 2497 s. The major leaks are in pipe #1 and pipe #3.

7.8.2. Liquid penetrant and chemical tracers

Flaws which extend completely through thin-wall metal containers — tanks, tubing, and
vessels — are readily detected by the dye penetrant process. The procedure differs from the
standard process. dye penetrant is applied to one side while developer is applied to the
opposite side; there is no dye penetrant removal step.
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Dye penetrant leak test procedures are often used for inspection of tank walls. During leak
testing, the inside of the tank is coated with dye penetrant. The other side is covered with
developer. The dye penetrant migrates through the flaw, and when it reaches the opposite
side, reveals the flaw as ared mark on a white background.

Flaw passages must be free of contaminants — water, solvents, or oils. Moisture from air
pressure tests conceivably can interfere with through penetration. The dye penetrant leak test
should be used prior to other tests, such as hydrostatic and ultrasonic, to minimise the
possibility of flaw passage contamination.

An extended dye penetrant dwell time is usually necessary. Dye penetrant leak testing has
limitations and, typically, the process is restricted to wall thicknesses of 1/4 inch or less. The
rate of through penetration depends in part on the shape of the capillary passage with a narrow
tube providing the best passage. Porosity retards dye penetrant movement. If wall thicknessis
near maximum and if poor capillary action is anticipated, the dwell time should be extended.
Thirty minutes is suggested. A second application of dye penetrant during the 30 minute
dwell may also prove advantageous.

Fluorescent dye penetrants can aso be used where enhanced visibility is desired.
Microelectronic component manufacturers develop components designed to withstand the
effect of time and environment. Whether the component is hermetic or not, protecting the
active areainside the deviceiscritical.

In this application, the technique consists of submerging the device into a fluorescent dye
fluid which has the viscous properties to fill very fine cracks. Leak rates as low as 510°
mbar-L/sec Helium have been effectively measured. After curing, the impregnated device is
encapsulated in a transparent resin for cross-sectioning. A microscope inspection of cross-
sections under ultraviolet light reveals the leak pathways.

Another application is to incorporate a small amount of fluorescent penetrant inside a
pressurized system, taking care to ensure that the penetrant is compatible with the system
fluid, then to examine the accessible side with an ultraviolet light. This is an extremely
sensitive technique for finding pinholes in welds. Fig. 7.9 shows an inspector examining a
heat exchanger wall for leakage. Another application is to detect and locate leak pointsin an
automobile radiator. The method isinexpensive yet accurate.
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FIG. 7.9. Inspecting a heat exchanger wall with ultraviolet light looking for fluorescent dye
leakage.

7.8.3. Acoustic leak testing

There are many applications where acoustic techniques have been applied to detect and locate
small leaksin large systems. Whether the high frequency sound waves are conducted through
the air (ultrasonic leak detection) or through the structure (acoustic emission leak testing), the
principleisthe same.

One area where these techniques have been used successfully isin the checking for leakagein
water pipelines. Leaks in water pipelines cause unnecessary waste of limited resources, and
thus justify the expense of leakage prevention and detection. The experience of water
distribution companies shows that the reduction of leakage and the preservation of a low
leakage level can be achieved with a strategy that requires a loss analysis followed by leak
detection and location survey.

Effective techniques of leak detection by acoustic emission have been developed and applied
in several water systems.

The water systemsin Brescia, Italy, for example, incorporate around 2,200 km are constructed
mainly of ductile iron and cast iron pipes. Over 120 boreholes and 30 spring sources supply
the networks delivering to users atotal of 47 million mc a year.

Since 1988, ASM BRESCIA S.p.A. has been engaged in an active programme of |eakage
reduction employing various methods of |eakage monitoring and detection, including amongst
others, leak detection and location using leak noise correlators and area surveys using acoustic
loggers (Aqualogs). This commitment to leakage reduction has resulted in a reduced level of
leakage achieved in many of the managed water networks.

In order to reduce pumping and hence operating costs to a minimum, an intensive leakage
location program was initiated in the late 1980's, with the aim of systematically checking the
network at regular intervals using correlators. As successful as this approach proved to be in
locating the leaks, it provided no guarantee that the reduction in leakage would be sustained.
What was needed was a permanent |eakage control system.
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ASM decided to divide the network into a number of small zones called districts that has
proved by experience in different parts of the world, to be the most efficient method of
controlling leakage. Then, permanently closing the boundary valves and installing flow
meters on the few supplying mains, one can continuously monitor the level of leakage. If an
increase is registered in the night-time consumption, a team is sent in to locate the leaks. In
this way, leakage is under permanent control, but intervention occurs only at the optimum
moment.

The modern leak noise correlator is now the most effective and widely used system for leak
detection and location. For this reason, the leak inspection on water pipelines using the cross-
correlation method were standardised in 1991 by a work group of the CNR (Italian National
Research Council). The code of practice highlights those elements necessary for carrying out
the leak detection survey in order to improve the quality and standardize the activity. This
document can be used by the Water Distribution Companies as well as by Service Companies
as auseful reference.

The technique is based on the analysis of casual continuous acoustic noise generated by the
water escaping from the pipeline and carried out by using the cross-correl ation technique. The
target is to standardize the method of leak detection by using the cross-correlation technique
in order to detect and locate the leaks themselves yet not their amount. The method of testing
requires the use of sensing devices placed on existing pipelines fittings as well as
conditioning, acquisition and signal analysis instrumentation in order to detect and locate the
leaks.

The method described applies to the control of underground supply and distribution water
pipelines of steel, ductile iron, cast iron, asbestos cement, polyethylene and PVC. Cast iron,
steel or asbestos cement pipe sections of a maximum length of 250 meters can be controlled
by using non-intrusive sensing devices (accelerometers) and up to 600 meters by intrusive
sensing devices (hydrophones). The maximum controllable length of plastic pipes such as
PV C or (high and low density) polyethylene is 50 metres only, when accelerometers are used,
and 120 meters when hydrophones are used.

The method of testing requires the use of non intrusive sensing devices (accelerometers) or
intrusive devices (hydrophones) placed on existing pipeline fittings as well as conditioning,
acquisition and signal analysis instrumentation in order to detect and locate leaks. The
location of the leaking point in the pipe is obtained knowing: the distance between the sensors
that span the leak, the propagation velocity of the leak sound in the pipeline and the time
delay, measured by the cross-correlation function (see Fig. 7.10) that the leak sound takes to
reach the two sensors.
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FIG. 7.10. Method of leak location.
Where
. X = distance of the point of leak from the reference sensing device;
. D = distance between the two sensing devices,
. V = propagation wave speed;
. At = time delay obtained from the peak position of the cross-correlation function.

Fig. 7.10 shows how the position of the leaking point may be obtained using time delay and
Fig. 7.11 shows an example of the cross-correlation function.

CROSS-CORRELATION

200

100
Curs.

Meec ) ey sy
_2,g Positfon of sehsor A Paositjon of sehsor B

-100

Time|delay

¥

-200

-80m  -60m -40m 20m O 20m  40m  60m  80m
time, secs

FIG. 7.11. Cross-correlation function plot.
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FIG. 7.12. Coherence function plot.

The diagram in Fig. 7.12 shows that the position of the leak, in relation to the two sensing
devices, is determined by detecting the maximum of the cross-correlation function related to
the time delay of the signals.

The coherence function allows establishing the reliability rating of the measure carried out. It
expresses the dependence of the signals, detected at the two measurement points A and B,
from a common leak noise source. The coherence is normally represented between zero and
one, therefore, the nearer the coherence is to one the closer is the link between the two
detected signals.

The results obtained over a sample of 4820 km of water distribution network in different
Italian cities that have been surveyed using the cross-correlation technique in the last ten years
are now outlined. During the systematic survey concerning the above mentioned networks —
about half consisting of cast and ductile iron pipes and the other half of steel pipes and
asbestos cement pipes (only 33 km of plastic pipes have been inspected) — a total of 3450
water |eakages have been detected. Out of the detected leaks, 3312 (96%) have been located
exactly and have undergone repair. Some of the remaining 174 leaks have been located during
the repair excavation at distances greater than 3—4 meters. The location errors are essentially
due to the uncertainty of the used distance between sensors.

In the last few years other acoustic techniques have been devel oped to optimise water |eakage
management in identifying leakage areas prior to directing leak detection operators to
pinpoint the leak. Systems have been developed for acoustic noise monitoring and recording
that can be permanently or time limited installed at hydrants, valves or house connections.
These “noise loggers” record typical noises in the network during low consumption hours at
night and identify areas of potential leakage for further investigation. The ultimate advance
consists in transmission of leak presence from the noise loggers to a receiver module, which
may be hand carried or vehicle-mounted.

The noise logger is installed at fittings using a simple magnetic coupling, and is battery
powered with no maintenance requirement, and no problems for being immersed in water.

The separation distance between loggers depends mainly on the pipe material, with plastic
pipes requiring closer spacing than metallic. Each unit is intelligent and adapts itself to the
environment. If no leak is present, aradio signal is transmitted to indicate normal background
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conditions. However, as soon as a leak is detected, the unit enters an alarm state and transmits
a radio signa to indicate a “leak condition”. Signals are received by a module that can be
mounted in a patrolling vehicle, or can be easily hand-held. This receiving module analyses
and "homes in" on signals to identify the location of units indicating a "leak condition™, and
thus the approximate position of alikely leak.

The reading of an area meter could easily include the monitoring of the loggers within it, so
that new leaks are localised at exactly the same time as increases in the night flow are noticed.
This should mean a prescribed leakage level can be easily maintained, because the detection
time is greatly reduced. This innovative technology offers the possibility of continuous,
permanent monitoring for leakage for the entire distribution system or just for those parts that
are known problem areas.

In the last fifteen years the use of acoustic techniques has shown that leaks can be accurately
identified and localised much faster than with any conventional method. These experiencesin
leakage detection and location have proved that the application of acoustic techniques gives
the water industry the most effective tools for conserving precious water resources.

In particular, the use of cross-correlation technique to detect and locate the leaks on
underground pipelines has gained larger and larger approva within the water industry,
because it offers a more accurate location of the leak, less dependence from operator
interpretation and it can be used in very noisy conditions. The obtainable benefits due to the
application of the considered technigue are dependent on the care and manner in which it is
applied and the results are as good as the operators strictly observe the guideline. With the
application of the “noise loggers’ which record typical noises in the network during low
consumption hours at night is now possible the permanent acoustic monitoring of the
distribution network. This new technology will help to achieve further leakage reduction
without increasing the costs for water leak detection.

7.8.4. Infrared gasanalyzers

An infrared gas analyzer can detect gas compounds that have a clear absorption band in the
infrared spectrum through a comparison with a standard sample of the same gas. Heat is
applied to absorption containers holding the two gases, which are separated by a diaphragm
linked to a metal plate in an electrical condenser. If the two gases are chemically identical, the
diaphragm will not register any pressure differences under heating, but if the gas is mixed
with a high-absorption tracer gas, the diaphragm will move in relation to the metal plate. This
change is translated into electrical output recorded on a meter. A tracer gas with a high level
of infrared absorption, such as nitrous oxide, tends to be effective for this method of
detection.
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LIST OF ACRONYMS

Acoustic emission

Body-centred cubic

Digital industrial radiography
Eddy current testing

Flux cored arc welding
Face-centred cubic

Gas metal arc weld

Ground Penetrating Radar

Gas tungsten arc welding

Infrared

Infrared thermography

Laser induced breakdown spectroscopy
Leak testing

Magnetic particle testing
Non-destructive evaluation
Non-destructive testing
Plasmaarc welding

Process compensated resonance testing
Probability of detection

Liquid penetrant testing
Risk-based inspection
Radiographic testing method
Resonant ultrasound spectroscopy
Submerged arc welding

Shielded metal arc welding
Thermal non-destructive testing
Time of flight diffraction
Ultrasonic testing

Visual testing

169






CONTRIBUTORS TO DRAFTING AND REVIEW

Bond, S. Canadian Institute for NDE (CINDE)
Higgins, A. Canadian Institute for NDE (CINDE)
Marshal, D. J Canadian Institute for NDE (CINDE)
Waddell, K. Canadian Institute for NDE (CINDE)
Zirnhelt, J. Canadian Institute for NDE (CINDE)
Jin, JH. International Atomic Energy Agency (IAEA)
Khan, A. International Atomic Energy Agency (IAEA)
B.P.C. Rao International Atomic Energy Agency (IAEA)

171






No. 22

VV%%MAEA

International Atomic Energy Agency

Where to order IAEA publications

In the following countries IAEA publications may be purchased from the sources listed below,
or from major local booksellers. Payment may be made in local currency or with UNESCO coupons.

AUSTRALIA

DA Information Services, 648 Whitehorse Road, MITCHAM 3132
Telephone: +61 3 9210 7777 « Fax: +61 3 9210 7788

Email: service@dadirect.com.au « Web site: http://www.dadirect.com.au

BELGIUM

Jean de Lannoy, avenue du Roi 202, B-1190 Brussels

Telephone: +32 2 538 43 08 « Fax: +32 2 538 08 41

Email: jean.de.lannoy@infoboard.be « Web site: http://www.jean-de-lannoy.be

CANADA

Bernan Associates, 4501 Forbes Blvd, Suite 200, Lanham, MD 20706-4346, USA
Telephone: 1-800-865-3457 « Fax: 1-800-865-3450

Email: customercare@bernan.com « Web site: http://www.bernan.com

Renouf Publishing Company Ltd., 1-5369 Canotek Rd., Ottawa, Ontario, K1J 9J3
Telephone: +613 745 2665 * Fax: +613 745 7660
Email: order.dept@renoufbooks.com « Web site: http://www.renoufbooks.com

CHINA
IAEA Publications in Chinese: China Nuclear Energy Industry Corporation, Translation Section, P.O. Box 2103, Beijing

CZECH REPUBLIC

Suweco CZ, S.R.O., Klecakova 347, 180 21 Praha 9
Telephone: +420 26603 5364 « Fax: +420 28482 1646
Email: nakup@suweco.cz « Web site: http://www.suweco.cz

FINLAND

Akateeminen Kirjakauppa, PO BOX 128 (Keskuskatu 1), FIN-00101 Helsinki
Telephone: +358 9 121 41 « Fax: +358 9 121 4450

Email: akatilaus@akateeminen.com « Web site: http://www.akateeminen.com

FRANCE

Form-Edit, 5, rue Janssen, P.O. Box 25, F-75921 Paris Cedex 19
Telephone: +33 1 42 01 49 49 « Fax: +33 1 42 01 90 90

Email: formedit@formedit.fr « Web site: http://www. formedit.fr

Lavoisier SAS, 145 rue de Provigny, 94236 Cachan Cedex
Telephone: + 33 147 40 67 02 « Fax +33 1 47 40 67 02
Email: romuald.verrier@lavoisier.fr « Web site: http://www.lavoisier.fr

GERMANY

UNO-Verlag, Vertriebs- und Verlags GmbH, Am Hofgarten 10, D-53113 Bonn
Telephone: + 49 228 94 90 20 « Fax: +49 228 94 90 20 or +49 228 94 90 222
Email: bestellung@uno-verlag.de « Web site: http://www.uno-verlag.de

HUNGARY
Librotrade Ltd., Book Import, P.O. Box 126, H-1656 Budapest
Telephone: +36 1 257 7777 « Fax: +36 1 257 7472 « Email: books@librotrade.hu

INDIA

Allied Publishers Group, 1st Floor, Dubash House, 15, J. N. Heredia Marg, Ballard Estate, Mumbai 400 001,
Telephone: +91 22 22617926/27 « Fax: +91 22 22617928

Email: alliedpl@vsnl.com « Web site: http://www.alliedpublishers.com

Bookwell, 2/72, Nirankari Colony, Delhi 110009
Telephone: +91 11 23268786, +91 11 23257264 « Fax: +91 11 23281315
Email: bookwell@vsnl.net

ITALY

Libreria Scientifica Dott. Lucio di Biasio “AEIOU”, Via Coronelli 6, 1-20146 Milan
Telephone: +39 02 48 95 45 52 or 48 95 45 62 « Fax: +39 02 48 95 45 48
Email: info@libreriaaeiou.eu « Website: www.libreriaaeiou.eu



JAPAN

Maruzen Company, Ltd., 13-6 Nihonbashi, 3 chome, Chuo-ku, Tokyo 103-0027
Telephone: +81 3 3275 8582 « Fax: +81 3 3275 9072

Email: journal@maruzen.co.jp « Web site: http://www.maruzen.co.jp

REPUBLIC OF KOREA
KINS Inc., Information Business Dept. Samho Bldg. 2nd Floor, 275-1 Yang Jae-dong SeoCho-G, Seoul 137-130
Telephone: +02 589 1740 « Fax: +02 589 1746 « Web site: http://www.kins.re.kr

NETHERLANDS

De Lindeboom Internationale Publicaties B.V., M.A. de Ruyterstraat 20A, NL-7482 BZ Haaksbergen
Telephone: +31 (0) 53 5740004 « Fax: +31 (0) 53 5729296

Email: books@delindeboom.com « Web site: http://www.delindeboom.com

Martinus Nijhoff International, Koraalrood 50, P.O. Box 1853, 2700 CZ Zoetermeer
Telephone: +31 793 684 400 « Fax: +31 793 615 698
Email: info@nijhoff.nl « Web site: http://www.nijhoff.nl

Swets and Zeitlinger b.v., P.O. Box 830, 2160 SZ Lisse
Telephone: +31 252 435 111 « Fax: +31 252 415 888
Email: infoho@swets.nl « Web site: http://www.swets.nl

NEW ZEALAND

DA Information Services, 648 Whitehorse Road, MITCHAM 3132, Australia
Telephone: +61 3 9210 7777 « Fax: +61 3 9210 7788

Email: service@dadirect.com.au « Web site: http://www.dadirect.com.au

SLOVENIA

Cankarjeva Zalozba d.d., Kopitarjeva 2, SI-1512 Ljubljana

Telephone: +386 1 432 31 44 « Fax: +386 1 230 14 35

Email: import.books@cankarjeva-z.si « Web site: http://www.cankarjeva-z.si/uvoz

SPAIN
Diaz de Santos, S.A., ¢/ Juan Bravo, 3A, E-28006 Madrid
Telephone: +34 91 781 94 80 « Fax: +34 91 575 55 63

Email: compras@diazdesantos.es, carmela@diazdesantos.es, barcelona@diazdesantos.es, julio@diazdesantos.es

Web site: http://www.diazdesantos.es

UNITED KINGDOM

The Stationery Office Ltd, International Sales Agency, PO Box 29, Norwich, NR3 1 GN

Telephone (orders): +44 870 600 5552 « (enquiries): +44 207 873 8372 « Fax: +44 207 873 8203

Email (orders): book.orders@tso.co.uk * (enquiries): book.enquiries@tso.co.uk * Web site: http://www.tso.co.uk

On-line orders
DELTA Int. Book Wholesalers Ltd., 39 Alexandra Road, Addlestone, Surrey, KT15 2PQ
Email: info@profbooks.com « Web site: http://www.profbooks.com

Books on the Environment

Earthprint Ltd., P.O. Box 119, Stevenage SG1 4TP

Telephone: +44 1438748111 « Fax: +44 1438748844

Email: orders@earthprint.com « Web site: http://www.earthprint.com

UNITED NATIONS

Dept. 1004, Room DC2-0853, First Avenue at 46th Street, New York, N.Y. 10017, USA
(UN) Telephone: +800 253-9646 or +212 963-8302 « Fax: +212 963-3489

Email: publications@un.org « Web site: http://www.un.org

UNITED STATES OF AMERICA

Bernan Associates, 4501 Forbes Blvd., Suite 200, Lanham, MD 20706-4346
Telephone: 1-800-865-3457 « Fax: 1-800-865-3450

Email: customercare@bernan.com - Web site: http://www.bernan.com

Renouf Publishing Company Ltd., 812 Proctor Ave., Ogdensburg, NY, 13669
Telephone: +888 551 7470 (toll-free) « Fax: +888 568 8546 (toll-free)
Email: order.dept@renoufbooks.com « Web site: http://www.renoufbooks.com

Orders and requests for information may also be addressed directly to:

Marketing and Sales Unit, International Atomic Energy Agency
Vienna International Centre, PO Box 100, 1400 Vienna, Austria
Telephone: +43 1 2600 22529 (or 22530) « Fax: +43 1 2600 29302
Email: sales.publications@iaea.org » Web site: http://www.iaea.org/books

12-07221



ISSN 1018-5518



	FOREWORD
	CONTENTS
	1. INTRODUCTION
	 1.1. Basic principles of non-destructive testing (NDT)
	1.2. Materials and defects - Physical and mechanical properties of materials
	1.3. Processing and defects
	1.4. Materials in service
	1.5. Quality and standardization

	2. PHYSICAL PRINCIPLES OF THE TEST
	2.1. Gases
	2.2. Basic knowledge of leaks and leakage
	2.3. Tracer fluids

	3. TEST TECHNIQUES
	3.1. Characteristics of methods and techniques of leak testing

	4. EQUIPMENT AND ACCESSORIES
	4.1. General considerations
	4.2. Halogen diode detector
	4.3. Helium mass spectrometer
	4.4. Accessories

	5. CODES, STANDARDS, PROCEDURE AND GUIDELINES
	5.1. Standards applicable to leak testing
	5.2. Test specifications and procedures
	5.3. National standards for leak testing and testing personnel

	6. SAFETY ASPECTS
	6.1. Problems of industrial safety in the use of chemical and inflammable products
	6.2. Control of hazards from toxic and radioactive liquids, vapours and particles offlammable liquids and vapours
	6.3. Safety precautions with compressed gas cylinders
	6.4. Safety precautions in pressure and vacuum testing
	6.5. Preparation of pressurized systems for safe leak testing, rise in temperature
dangers
	6.6. Industrial safety standards, hydrotesting of pipe, pipelines and vessels
	6.7. Danger in presence of hydrogen
	6.8. Sparking and combustion
	6.9. Psychological factors and safety programme

	7. APPLICATIONS
	7.1. System reliability through leak testing
	7.2. Leak testing related to material flaws
	7.3. Desired degree of leak tightness
	7.4. Helium leak testing
	7.5. Applications of halogen leak detection
	7.6. Applications of bubble leak detection
	7.7. Applications of vacuum box leak detection
	7.8. Applications of further and advanced techniques

	BIBLIOGRAPHY
	LIST OF ACRONYMS
	CONTRIBUTORS TO DRAFTING AND REVIEW


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (eciRGB v2)
  /CalCMYKProfile (ISO Coated v2 \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /None
  /ColorImageResolution 96
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /None
  /GrayImageResolution 96
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (ISO Coated v2 \050ECI\051)
  /PDFXOutputConditionIdentifier (Custom)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug true
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        22.677170
        22.677170
        22.677170
        22.677170
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions false
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 400
        /LineArtTextResolution 1200
        /PresetName (VIC_Flattener_no outline)
        /PresetSelector /UseName
        /RasterVectorBalance 0.990000
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 13.322830
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [96 96]
  /PageSize [595.276 419.528]
>> setpagedevice




