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ABSTRACT

‘The demand for more reliable materials to face corrosion problems in process plant
eequipment has led to the use of advanced materials such as stainless steel for many piping
systems. As severe localised corrosion sometimes attacks these steels, a reliable

inspection technique is needed to detect and characterise such damage, prior to failure of

the system. This thesis explores the potential of ing Current Field
(ACFM) as a suitable technique for addressing this problem. ACFM is a relatively new

based ive testing (NDT) technique that can be used for

materials. The i offers the potential to detect
and size surface, subsurface, or remote surface defects in components made from either

carbon or stainless steels.

On the Hibernia platform, stainless steel piping systems that are used to transport
freshwater or seawater are sometimes attacked by localised corrosion processes near

welds.

Experiments were carried out to develop models to predict the actual depth and
length of defects on the inside surface of 6-Mo austenitic stainless steel pipes using the
ACFM technique. Two different pipe wall thicknesses were considered in the
experiments. Artificial defects of variable depth and length were made using a slitting

wheel. Some of the defects were located in the parent metal and others were located at



the weld toe. The experimental results indicate that it is possible to reliably detect and
characterise backwall corrosion damage in 6-Mo piping systems using ACFM. Larger
defects were noted to produce clearer indications, as would be expected for this NDT
technique. It was also apparent that there was no significant difference between results
obtained from defects located in the parent metal and results obtained from similar

defects located at the weld toe, suggesting that changes in material properties near the

weld (e.g. iati in magnetic ility) have an insigni influence on the

ACFM signals.
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Ch. 1

INTRODUCTION

1.1. General

A growing demand for be i i and has led to the

research and development of advanced materials to replace ordinary carbon steels.

Stainless steels are a preferable material for many industrial applications as they have

excellent corrosion resistance, high strength, dati i at high

and resistance to creep. As their corrosion resistance relies on passivity, the use of
stainless steels must be followed by careful control. If the passivity is available, the
corrosion resistance approaches that of noble metals. Otherwise, the corrosion
resistance is reduced to that of iron and the stainless steels become susceptible to

corrosion attack.



On offshore structures, including the Hibernia platform, 6-Mo austenitic stainless
steel pipes are used for transporting aerated seawater around the plant. Type 6-Mo
stainless steel is used due to its excellent resistance to seawater corrosion. Although the
parent pipe material generally exhibits excellent corrosion resistance, localized attack
can occur at welded joints in the inner surface, where incorrect welding procedures can

reduce the corrosion resistance of the material.

Improper control of heat input during welding can create a heterogeneous heat-
affected zone (HAZ) that is susceptible to corrosion. It is often found that corrosion
preferably attacks HAZ, rather than base metal, due to the change in material properties
in that region. Corrosion tends to be highly localized in nature and can cause sudden
leakage if not detected immediately. Therefore, periodic inspection is needed to ensure

that the system remains fit for purpose.

N ive testing (NDT) techniques are y used for i plant

equipment because they are i ive (i.e. the or systems

remain fit for service after testing and it may not be necessary to shut down the process

during i i In contrast, ive testing (DT) i cannot be used for
this purpose since they may cause significant physical or chemical changes to the
components. Normally, such techniques can only be used on a statistical sampling basis
and would be inappropriate for expensive, large items such as piping systems. When

NDT techniques are used, care must be taken and the process should be controiled so

that not only qualitative, but also quantitative i ion is received and the

information is both accurate and useful [Hull, 1988]. If an NDT technique is



misapplied, it can lead to serious errors in judgement of the component or system
quality. Therefore, depending on the application, more than one NDT technique may be
used to carry out an inspection. Although there is some overlap between the various test

methods, they tend to be complementary to one another.

In summary, the use of NDT techniques can bring benefits in many ways. One
obvious benefit of using NDT techniques is the identification of defects which, if left
undetected, could result in catastrophic failures which would be very costly in money
and possibly in lives. The introduction of any inspection system incurs cost, but the
effective use of suitable inspection techniques will give rise to very considerable

financial savings. Therefore, rapid and accurate NDT techniques are required to detect

and characterise defects under specific field conditions. The reliability of an NDT
technique depends upon factors such as the nature of the structure under examination
and the type of defect being sought [Silk, 1987]. The reliability of any NDT technique
is a measure of the efficiency of the technique in detecting discontinuities of a specific
type, shape and size. However, the imposition of super sensitive inspection system

which is too sensitive can be very wasteful in terms of both time and money, as

may not ily result in an increase in system or product

performance [Hull, 1988).

There are several NDT techniques that can be employed to detect defects in 6-Mo
austenitic stainless steel pipes. However, not all of these techniques are likely to give

good performance, either in terms of time and cost, or in terms of reliability and

ity. Alternating Current Field (ACFM) has been selected for this



study because it is an NDT technique which is available commercially and can be used

more widely, particularly in the offshore industry where it offers some advantages over

other ional NDT techniques. The technique can be applied relatively casily by

trained personnel, without causing signil i ion to normal i As well,

on the basis of its physical principle of operation, the ACFM technique appears to be
capable of detecting and characterising remote surface defects in 6-Mo austenitic

stainless steel piping systems.

1.2. Research Objectives

ACFM is typically used to detect and characterise defects breaking the external
surfaces of components made from carbon steels. The technique can also be used to
detect and characterise internal and/or remote face damage in duplex and austenitic
stainless steels. However, caution must be exercised when inspecting materials other
than carbon steels, as the inspection procedure may be different and interpretation of the
results may require special consideration of the material’s electromagnetic properties.
The major difference between carbon steel and 6-Mo austenitic stainless steel is that the
former is a magnetic material, while the latter is a non-magnetic material. Since defect
sizing is based on a theoretical analysis of the measured signals, sizing models

developed for characterising extemal surface-breaking defects cannmot be used to

internal surface-breaking defects.



The major objectives of this research are as follows:

. To verify the capability of ACFM technique in detecting remote surface breaking

(i.e. backwall) defects in 6-Mo stainless steel piping.

n

. To determine a threshold depth for the detection of backwall defects in 6-Mo
stainless steel piping, mainly for 3.4 mm and 3.8 mm pipe wall thicknesses.
3. To develop a model for predicting the actual depth and length of backwall defects
based on ACFM signals obtained by scanning the external surface of the pipe wall.
4. To evaluate the influence of the heat-affected zone on the above model predictions.
A comparison of results obtained from the defects located in the base metal and
weld HAZ will be used to judge whether changes in material properties caused by

welding affect the model predictions.

1.3. Format

This thesis consists of six chapters. Chapter 1 includes an introduction to the topic
of interest and presents the main objectives of the research. Chapter 2 is a literature
review of stainless steels and the various NDT techniques. Chapter 3 details the
experimental procedures followed in the course of performing this work. Chapter 4
covers data collection and analysis and includes an evaluation of the various models,
which are developed to correlate the ACFM signals with actual defect dimensions.

Chapter 5 discusses a summary of the results obtained from the experiments. And



finally, i i and ion for future work are presented in
Chapter 6.




Ch. 2

REVIEW OF LITERATURE

2.1. Characteristics of Stainless Steels

2.1.1 Introduction

It was mentioned in the previous chapter that the material used in this study was 6-
Mo austenitic stainless steel. This section explains briefly, the classification and
properties of stainless steels in order to give the reader an understanding of why

stainless steels have become materials of choice for many industrial applications.

The history and development of stainless steels began in the early 20 century in

England and Germany. Since that time, their use has become an integral part of material

world and has played an i role in the P of many i ies, such as

power ion, chemical and p hemical plants.



Stainless steels are iron-based alloys containing up to 1.0% carbon and at least 11%
chromium [Davis, 1994]. The chromium provides stainless steels with the capability to
form an invisible adherent passive film on the surface that protects the material from
further reaction with the environment. The surface film is normally a chromium-rich
oxide that is automatically formed and self-heals if ruptured in the presence of oxygen.
The formation of the layer occurs within seconds after an active stainless steel surface is
exposed to an oxidizing environment such as air, aerated water, or oxidizing acids
[Baboian, 1995]. As long as the layer is present on the surface, the corrosion resistance
of stainless steels approaches that of noble metals. However, in certain environments,
the layer can be destroyed, either globally or locally and the stainless steels can corrode
as if they were carbon steels. The protective film which forms on stainless steel surfaces
is sometimes referred to as thin film, while the film which forms on the surfaces of

mild/carbon steels is referred to as thick film.

2.1.2. Classification of Stainless Steels

Molten steel poured into a mold at the steel mill becomes, on cooling, either an
ingot or a casting. An ingot is destined for shaping into desirable materials by
mechanical working such as rolling or forging. Steels processed in this manner are
called wrought steels. Meanwhile, those formed into usable shapes by casting are called
cast steels. Stainless steel alloys may be either wrought or cast. Both wrought and cast

stainless steels can be classified into five major groups: 1) austenitic, 2) ferritic, 3)

4) duplex itic-ferritic), and 5) ipitati ing. The first four



groups are classified based on the microstructure of the alloys, while the fifth group is

classified based on the type of heat-treatment used.

2.1.2.1. Austenitic Stainless Steels

Austenitic stainless steels have a face-centered cubic (FCC) microstructure. They

are basically i jum-nickel alloys ining 16% to 25% chromium and 7% to
35% nickel, while the carbon content is normally ranges from less than 0.03% t0 a
maximum of 0.08% [Bringas, 1995]. In some austenitic alloys (c.g. manganese-
substitute austenitic stainless steel), nickel is replaced by manganese. Manganese,
together with carbon and nitrogen, contributes to the stability of the austenite phase.
Carbon and nitrogen are readily soluble in the FCC structure. The addition of nitrogen
to the alloy increases its strength. Austenitic stainless steels are non-magnetic and
cannot be hardened by heat-treatment [Chawla, 1993]. In general, these alloys have
very high corrosion resistance and excellent ductility, weldability, formability, and
toughness, even at cryogenic temperatures. Although the alloys cannot be hardened by
heat-treatment, they can be hardened by cold working with the degree of work
hardening depending on the alloy content. Increasing the alloy content decreases the

work hardening rate [Davis, 1994].

In addition to the traditional austenitic stainless steels, there is a relatively new
group of austenitic alloys called the superaustenitic stainless steels. Superaustenitic

stainless steels have a chemical composition between that of the austenitic and nickel-



base alloys. Examples of these alloys are alloy 20 (UNS NO08020, 20%Cr-35%Ni-
2.5%Mo-3.5%Cu), alloy 904L (UNS N08904, 20%Cr-25%Ni-4.5%Mo-1.5%Cu), AISI

type 304 (UNS S30400), and 6-Mo alloys [Bringas, 1995].

6-Mo alloys include UNS S31254, N08367 and N0892S, which have a composition
20%Cr, 6%Mo, 0.2%N and 18-25%Ni. These alloys have been widely used in marine-
related applications such as seawater handling equipment, since they exhibit almost

total i ity to pitting ion in ambient seawater (0°C to 30°C) and

high-chloride environments. In addition, they show greater resistance to stress corrosion

cracking than do the traditional austenitic stainless steels [Bringas, 1995].

2.1.2.2. Ferritic Stainless Steels

Ferritic stainless steels are basically iron-chromium alloys containing 11% to 30%
chromium with only small amounts of austenite-forming elements, such as carbon,
nitrogen, and nickel [Davis, 1994]. These alloys have a body-centered cubic (BCC)

They are ic and cannot be hardened by heat treatment

[Chawla, 1993]. Since their crystal structure does not change in heating, they must be
hardened by cold work. These alloys also possess good ductility and formability. At
high temperature, they have relatively poor tensile strength, while at low temperature
their toughness can be poor [Bringas, 1995]. These alloys have the lowest strength

properties of the stainless steels [Chawla, 1993]. Ferritic alloys are particularly noted



for their resistance to general liquid ion, high idation, and pitting

and chloride-stress corrosion cracking. Their cost is relatively low.

Ferritic stainless steels are commonly used in general construction applications
where special resistance to heat or corrosion is required. Although the cost is
considerably cheaper than that of nickel-bearing austenitic stainless steels, both alloys
have comparable corrosion resistance. In general, the ductility and toughness of ferritic
alloys are somewhat lower than that of nickel-bearing austenitic stainless steels
[Bringas, 1995]. Examples of these alloys are AISI type 405 (UNS $40500), type 409

(UNS S40900), type 442 (UNS $44200).

Ferritic stainless steels called iti ining high jum with low
interstitial elements, have recently been developed. These alloys contain 19% to 30%

chromium and 1.5% to 4.5% nickel and molybdenum. Alloys in this category have

better resistance to pitting, crevice ion, and chloride: ion cracking
than conventional ferritic stainless steels. The addition of molybdenum and the very low
carbon and nitrogen content have improved their ductility and fabricability. Generally,
these alloys are used for water-cooling systems in chemical industry and power plants

when cooling water contains chlorides [Davis, 1994].

2.1.2.3. Martensitic Stainless Steels

Martensitic stainless steels are basically similar to iron-carbon alloys that are

austenised, hardened by quenching, then tempered to increase ductility and toughness



[Davis, 1994]. These alloys contain about 11% to 20% chromium [Bringas, 1995], 0.1
to 1.0% carbon [Chawla, 1993], and have limited corrosion resistance. Small amounts
of other elements such as aluminum, nickel, niobium, sulphur, and selenium are added

for specific attributes [Chawla, 1993].

All martensitic stainless steels are ferromagnetic and their heat-treated structure is
body-centered tetragonal (BCT). They are used more for their high strength and
hardenability, than for their corrosion resistance [Baboian, 1995]. Their strength is
highly correlated with their carbon content. A higher carbon content results in higher
strength but lower toughness. These alloys are normally used for applications that
require corrosion and abrasion resistance, such as pump impellers and knives [Chawla,
1993]. Examples of these alloys are AISI type 410 (UNS S41000), type 416 (UNS

541600).

2.1.2.4. Duplex Stainless Steels

Duplex stainless steels are chromium-nickel-molybdenum alloys in which the
alloying elements are added in such proportion as to retain both austenite and ferrite in

the mi at room The ium content of these alloys is about

18% to 26% while the nickel content varies from 3% to 6.5% [Bringas, 1995]. Their
composition is controlled to provide a balance between austenite-stabilizing elements
(Ni, Mn, N, Cu, and C) and ferrite-stabilizing elements (Cr, Mo, and Si) to produce a

desired proportion of duplex structure for optimum properties [Chawla, 1993].



Some duplex stainless steels have ferrite grains in an austenitic matrix (ferrite-
rich), some have austenite grains in ferrite matrix (austenite-rich), and others have a
composition more or less equally balanced between the two. Experience shows that a
ferrite/austenite balance close to 50:50 is the most desirable composition [Chawla,

1993].

The purpose of developing duplex stainless steels is to combine the properties of
both austenitic and ferritic stainless steels. The duplex alloys have corrosion resistance
similar to austenitic stainless steels, but strength and stress-corrosion cracking
resistance greater than that of austenitic stainless steels. Their toughness and ductility
are normally between the austenitics and ferritics. Unlike the austenitics, these alloys

are magnetic [Chawla, 1993].

The original alloy in this family was predominantly ferritic $32900 [Davis, 1994].
Addition of nitrogen to duplex alloys such as S32950 and S31803 increases the amount

of austenite to nearly 50%. In addition, nitrogen improves as-welded corrosion

chloride i i and the imp: in

is probably related to the higher amount of austenite present [Davis, 1994].

2.1.2.5. Precipitation-Hardening Stainless Steels

Of the stainless steels, the precipitation-hardening group has the greatest useful
strength and heat resistance. These alloys are chromium-nickel grades that can be

hardened by an aging treatment [Davis, 1994] and can be classified as austenitic (such



as S66286), semi-austenitic (such as S17700), or martensitic (such as $17400). The

is ined by their soluti led itic types
are solution treated around 1200°C, quenched, then aged at 700°C — 800°C [Bringas,
1995]. The alloys contain precipitation-hardening elements such as copper, aluminum,

titanium, or niobium that are used to achieve age hardening [Davis, 1994].

Semi itic alloys are he d, resulting in ion of
austenite to martensite. Cold working is sometimes used to facilitate the aging reaction
[Davis, 1994]. Chemical compositions of semi-austenitic alloys are arranged carefully
to provide a balance between austenite-stabilizing elements and ferrite-stabilizing
elements. The result is an alloy which has austenite, or an austenite-ferrite mixture in

the annealed ition, and is able to to itic as a result of thermal

treatment [Bringas, 1995].

The martensitic types are more widely used than the austenitic or semi-austenitic
types. The balance between ferrite and austenite-stabilizing elements is such that after
solution treatment and cooling to room temperature, the alloys are in a martensitic
condition. Solution treatment is then followed by an aging treatment for precipitation-
hardening [Bringas, 1995]. The martensitic types have better combination of strength
and corrosion resistance due to the higher chromium, nickel, and molybdenum contents,
as well as their restricted carbon (0.040 max) levels [Davis, 1994]. The low carbon
content of the martensitic precipitation-hardening stainless steels is especially critical
for toughness and good ductility. However, this low carbon content reduces the wear

resistance of these alloys.
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Precipitation-hardening alloys can have high tensile yield strength, up to 1700 MPa
[Davis, 1994]. These alloys generally have good ductility and toughness with moderate
to good corrosion resistance. A better combination of strength and corrosion resistance

is achieved with the martensitic type.

2.1.3. Magnetic Permeability of Stainless Steels

The magnetic behavior of stainless steels varies from nonmagnetic to
ferromagnetic. Ferromagnetic materials may have soft or hard magnetic characteristics
[Davis, 1994]. A soft magnetic characteristic means that the alloy can be magnetized by
relatively low-strength magnetic fields. When the applied magnetic field is removed,
the steel will have a relatively low residual magnetism. Conversely, alloys that have a
hard magnetic characteristic are difficult to magnetize, but retain a large amount of
residual magnetism after exposure to a strong magnetic field. The ease with which a

material can be i is by a di i called magnetic

permeability [Davis, 1994]. -

Magnetic permeability indicates the ease by which magnetic lines flow through the
material. When a high magnetic permeability material is magnetized, a large number of
magnetic lines flow through the material and there is a tendency for the lines to
concentrate in it. If a high magnetic permeability material is exposed to an electric field

(e.g. as with ACFM or eddy current testing), most of the magnetic lines induced by the



electric field will be concentrated in the material close to the surface. This phenomenon

is referred as a thin skin effect.

On the other hand, if a low magnetic permeability material is being magnetised,
only a small number of magnetic lines flow through the material and these tend to be

distributed relatively evenly through the i This is

called a thick skin effect. In general, thick skin materials are more difficult to magnetize

than thin skin materials.

All austenitic stainless steels are nonmagnetic (i.e. thick skin materials). Their D.C.
magnetic permeability is about 1.003 to 1.005 [Davis, 1994]. Certain austenitic stainless

steels, such as the 302 and 304 types, exhibit a weak ferromagnetic characteristic. The

in magnetic among grades reflects their composition. For

example, the higher-nickel grades exhibit lower magnetic permeability than the lower-
nickel grades [Davis, 1994].

Ferritic stainless steels are ferromagnetic with a soft magnetic characteristic and

possess high magnetic permeability. Their D.C. magnetic permeability is about 1.0 x

10° 10 2.6 x 10° [Davis, 1994]. All itic and most

stainless steels are also ferromagnetic. Due to stress induced by hardening, these alloys
exhibit permanent magnetic propertics in the hardened condition [Davis, 1994]. In
general, ferromagnetic stainless steels have lower magnetic permeability than carbon

steels.



2.2. Techniques of Nondestructive Testing

2.2.1. Introduction

It is of great concern that both indivi and complete

assemblies or structures are free from damaging defects and other possible causes of

premature failure. A series of i ion i and i has been evolved

over the years and new methods are still being developed to assist in the process of

assessing the integrity and reliability of parts and i ive testing
and evaluation methods are widely used in industry for checking the quality of
production and also as part of routine inspection and maintenance in service [Hull,

1988].

The term nondestructive testing (NDT) was adopted during the Second World War

to describe the technology of defect detection in i ing materials and

[Silk, 1987]. The testing was said to be nondestructive since any specimen examined

remained fit for service after the test.

NDT techniques can be grouped into four basic categories [Silk, 1987]. Firstly,

there are techniques that are based on direct visual methods, either with or without aids.

Secondly, there are techniques that involve the ion of elastic
within specimens. Thirdly, there are techniques that use radiation to inspect for flaws.

Fourthly, there are i that employ ic fields to i

materials [Silk, 1987].



The purpose of this chapter is to briefly describe each group of NDT techniques,

together with their icati and li

2.2.2. Visual Inspection

Visual inspection is the most basic type of NDT technique. The method covers a
wide range of field, from simply picking up a specimen in the hand to sophisticated TV
monitoring systems. A visual inspection conducted on the surface of a specimen can
both locate defects and give waming of changes in general condition. However, its
reliability is highly affected by the human factor since even an experienced worker can
be fooled, by the presence of scratches or machining marks, into seeing defects which
are not present [Silk, 1987]. Due to that reason, there are some aids to visual inspection

which help to reveal defects more readily and consistently.

2.2.2.1. Liquid Penetrant Inspection

Liquid penetrant inspection is used for detecting surface-breaking defects such as
cracks, laminations, surface porosity, laps, and folds. The principle of the technique is
that a liquid is drawn by capillary attraction into the defects, and after subsequent
development, any surface-breaking defects may be rendered visible to the human eye

[Hull, 1988].
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Figure 2.1. Steps in liquid penetrant inspection: (a) material surface clean and grease-
free; (b) application of penetrant on the surface and penetrant absorbed into
a defect; (c) removal of excess penetrant; (d) application of developer on
the surface; (e) penetrant absorbed into developer giving indication of
defect.

Liquid penetrant i ion has the of being ively simple, and
the equipment is cheaper than that required for other NDT techniques. The technique
can be used on any non-absorbent or non-porous surface materials such as wrought and

cast products in both ferrous and non-ferrous metals and alloys, ceramics, glasswares,

and some polymer The i is suitable for of any size
and shape, and is used for both the quality control inspection of semi-finished and

finished products and for routine in-service inspection of components [Hull, 1988].

A major limitation of liquid penetrant inspection is that the technique can detect
surface-breaking defects, only. The technique also relies on the properties of the
penetrant liquid to enter the defect and this will be affected by the defect condition.

Thus, defects already filled with liquid or corrosion product, or defects which are very



tight may not allow the penetration of the penetrant and may not show up. On the other
hand, shallow surface features such as scratches may allow some penetration and these
will show up on the record as clearly as more important defects [Silk, 1987]. Table 2.1

gives a summary of the liquid penetrant inspection technique.

Table 2.1. Summary of the liquid penetrant inspection technique.

Material surface is covered with penetrating liquid that enters
surface-connected defects. After removing excess penetrant and
applying developer powder, liquid penetrant will reveal the defect
on the surface.

Cracks, pinholes, laps, seams, and leaks.

All non-porous, non-absorbing.

Surfaces, entire objects, complex shapes.

* Simple process and less costly.

©Can be used for routine in-line inspection.

*Di inuities must be surfz and open.

® Access required for surface cleaning and decontamination.
*False indication can arise from shallow scratches.

# Surface porosity can mask important indications.

*Depth of defect is not indicated.




22.2.2. Mi ic Particle I i

Magnetic particle inspection is a sensitive method of locating surface and shallow
b-surface defects in i The technique is conducted by

introducing a magnetic field into the component, and magnetic particles (either wet or

dry) are then applied to the surface of the component. Magnetisation may be induced by

using magnets, el or by passing high currents through or
around the component. If the specimen surface is cracked, a portion of magnetic field is
forced to leave the specimen locally, forming a stray field on the surface of the
component, and the magnetic particles will be attracted by the stray field, revealing a
defect. Figure 2.2 illustrates the important effect of defect orientation/location on
detectability. Cracks which are aligned parallel to the magnetic field direction may not

show up.

material surface Pa——
A s/

Figure 2.2. Magnetic particle inspection. Defects A and B are detectable, while defect
C is likely to remain undetected.

A major advantage of the magnetic particle inspection is that the technique is quite
sensitive to very fine surface flaws. It is also possible to obtain indications from some

discontinuities that do not break the surface [Hull, 1988]. When using this technique, it
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is often unnecessary to have intensive precleaning of the surface. It is often possible to

obtain good indicati even if di; inuities contain inating materials.

A major limitation is that the technique is only suitable for ferromagnetic materials.
Furthermore, to obtain the best results, the induced magnetic fields should be normal to
any defects. This means that two or more magnetising sequences will be needed. In
addition, the sensitivity of magnetic particle inspection is reduced if the surface of the
component is covered by a film of paint or other non-magnetic layer. It is often
necessary to demagnetise the component after magnetic particle inspection. Removal of
magnetic particles may also be required. A summary of the technique is given in Table

22.

Table 2.2. Summary of the magnetic particle inspection technique.

Test object is magnetised, then magnetic particles applied to
surface accumulate over the area where the magnetic field leaks
as a result of surface or sub-surface defects.

Cracks, seams, pores, and inclusions.

Ferromagnetic

Surfaces and substrates, regular and uniform shapes.




Table 2.2. Summary of the ic particle i

e Sensitive to fine surface flaws.
e Possibility of detecting subsurface defects.

#Often unnecessary to pre-clean the surface intensively.

#Clean and smooth surface is sometimes required.
# Magnetic field orientation and strength are critical.
* Demagnetisation may be a problem.

*Removal of magnetic particles and vehicle may be required.

2.2.3. Acoustic Methods

2.2.3.1. Ultrasonic Testing

Ultrasonic testing is a technique for detecting internal defects by using sound

waves that are propagated through the material. Sound waves are elastic waves, which

can be propagated through both fluid and solid media. Ultrasonic is a term used for

elastic waves that have frequencies higher than the audible range of frequency. The

range of audible frequency is from 20 Hz to 20 kHz. The waves used for nondestructive

inspection of materials are usually within the range of 0.5 MHz to 20 MHz [Hull, 1988].

In fluids, sound travels in longitudinal waves in which the particles move in the

direction of wave propagation. In solids, sound travels in transverse or shear waves in

which particle movement is normal to the direction of wave propagation.



With any ultrasonic technique, there are four main things to consider [Silk, 1987).
Firstly, there is the way in which the specimen is stimulated; the most common
approach is to use a piezoelectric transducer. Secondly, one must consider the various
interactions of the elastic waves in the specimen that determine the response to the

probe. Thirdly, there must be a detector to monitor the response, which incorporates any

special post- ing to extract i ion from the received signals. Finally, there
should be a strategy (i.e. how one selects and arranges probe and detector to do the job

most effectively) [Silk, 1987].

The most commonly used ultrasonic system is shown in Figure 2.3. The left-hand
side blip which appears on the Cathode Ray Tube (CRT) screen corresponds to the
initial pulse and further blips appear on the time base, corresponding to signal echoes
received. The height of the echo is generally proportional to the size of the reflecting

surface, but it is also affected by the distance traveled by the signal and attenuation

Initial pulse Backwall echo
(0]

effects within the material [Hull, 1988].

@) (®)
Figure 2.3.  Scan display: (a) reflections obtained from defect and backwall; (b) CRT

screen display.



The ultrasonic waves generated by a disc-shaped crystal will emerged initially as a
parallel-sided beam which later diverges [Hull, 1988], as shown in Figure 2.4. The
spread of the beam, a, is related to the frequency and the disc dimension by the

relationship:
s @ L
sin e @n
where: A = the wavelength (mm)

d = the diameter of the disc (mm).

—

Probe

it

Figure 2.4. Zones in an ultrasonic beam.



An ultrasonic beam can be divided into three zones: the dead zone, the near zone
and the far zone. The dead zone is the distance below the surface of the component in
which a defect cannot be detected. This can be explained as follows: When an
alternating current is applied across a disc of piezo-electric crystal, the disc will contract
and expand, generating a short duration pulse of ultrasonic waves in the surrounding
‘medium. Although the disc is heavily damped, it does not stop vibrating immediately
after the current is stopped, but will continue vibrating for a short time. During this
time, it is not possible for the disc to detect defects in the component. The near zone is
the region in which propagation of the ultrasonic beam in the component is almost
parallel sided (see Figure 2.4). The length | of the near zone is given by the relationship
[Hull, 1988]:

E
it 22
a @3
where:  d = the diameter of the disc (mm).

A = the wavelength (mm)
The far zone is the region beyond the near zone where beam spread occurs (see Figure

24).

There are several of ic it ion. The i is suitable for
the detection, identification, and size assessment of a wide variety of both surface and
sub-surface defects in metallic materials. With particular attention, it can be used to

inspect non-metallic materials. Also, the technique has no significant radiation hazard

requiring i i Modemn i i is compact and light,



and can be operated either from a standard mains supply or internal battery. These
features make the equipment become extremely portable, relatively inexpensive, and

extremely versatile.

A limitation of ultrasonic inspection is that there are a number of materials that
rapidly attenuate the elastic waves [Silk, 1987]. Because of this problem, care should be
taken in selecting the frequency of inspection. Other problem is that spurious signals
can arise as a result of scatter effects, geometric complexity, angled defects and
multiple reflections (elliptical defects) [Hull, 1988]. Also, the technique is not useful in
the inspection of plastics, some heavy metals, and certain composite materials [Silk,
1987]. Furthermore, due to the dead zone, ultrasonic testing cannot be used to inspect
thin materials (i.e. materials less than 5 mm in thickness). When it is used to inspect
thin materials, inaccuracy will arise and may lead to misinterpretation. The problem can
be overcome by using special probes or by adding a “shoe”, i.e. a layer of appropriate
thickness to the probe to ensure that the dead zone is within the probe. It means that

additional equipment is still needed. A summary of the technique is given in Table 2.3.

Table 2.3. Summary of the ultrasonic testing technique.

*| Ultrasonic waves are transmitted through test material.
Ultrasonic echoes and reflections indicate discontinuities in the
material.

Cracks, voids, laminations, and inclusions.

5| Metals, non-metals, composites.




Table 2.3. Summary of the ic testing

Flat parts, tube parts, welded joints, uniform and regular shapes.

*No significant radiation hazard.

=| « Equipment can be portable, compact and light.

*Coupling is required.
e Spurious signals may arise as a result of scatter effects,

geometric complexity, angled defects, and multiple reflections
(elliptical defects).

e Cannot be used to inspect thin materials.

2.2.3.2. Acoustic Emission

When a structure or component is subjected 1o stress at a particular level, high
frequency sound waves within the range 50 kHz to 10 MHz (Hull, 1988] are generated
in the component and are emitted in discrete pulses. These emissions then propagate
through the component and are detected by a sensor or series of sensors placed on the
component surface which, in tum, convert the wave energy into electrical signals. These
signals are then amplified, stored, processed and displayed [Hull, 1988]. Figure 2.5

shows a schematic diagram for acoustic emission technique.

28




Measurement
circuits

X-Y recorder

Preamplifier Amplifier

Figure 2.5. Schematic diagram for an acoustic emission technique.

Basically, there are two types of acoustic emission released from materials: a
continuous type, and an intermittent or burst type [Hull, 1988]. Continuous emissions
are normally of low amplitude and are associated with plastic deformation and the
movement of dislocations within a material. Burst emissions are high-amplitude-short-

duration pulses resulting from the development and growth of cracks.

There are three basic approaches of using acoustic emission as an NDT technique

[Halmshaw, 1991]:

1. Several detectors (sensors) and timing circuits can be used to locate the source of

the acoustic emission (i.e. to locate the region where stresses are causing something
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to happen, such as crack propagation). The defect can then be pinpointed and

characterized using another NDT technique.

2. The rate of emission during stressing can be monitored to discover any sudden

changes in emission rate which might be indicative of the formation of new defects.

3. The rate of emission can be monitored and an attempt can be made to relate this to

the growth of a defect to determine the remaining safe life of a structure.

Acoustic emission can be used to monitor a wide variety of materials including
metals, ceramics, polymers, composites, and woods. The method is non-localized,
meaning that is not necessary to examine a specific region of a structure. Large areas

can be i i for stress ion cracking and/or corrosion fatigue.

The sensitivity of this technique is quite good, as it is possible to detect a growing crack
of about 2 x 10* mm in length, which is much smaller than that which could be
detected by conventional techniques [Hull, 1988].

Acoustic emission has the following limitations: not all discontinuities emit

detectable signals; signals can be hidden from the sensors by geometry, noise or

absorption, and are affected by material ies; the ique does not ine the

size of the di: inuity; there is no ized method of data interpretation, so the

creation of a signature catalog for signal interpretation is required [Hayward, 1978]. The

technique is summarised in Table 2.4.



Table 2.4.Summary of the acoustic emission technique.

High frequency sound waves are emitted from plastic

% deformation or fracture. Ultrasonic emission rate and intensity
indicates crack initiation/p ion and/or

induced by stressing.

Cracks, corrosion, , plastic deformation.

-| Metals, non-metals, composites.

Entire structures, particular area, welds, dynamic monitoring.

Can monitor large area.
#Can perform continuous monitoring.

o Sensitive technique.

e Sensors and test component should be in contact.
® Acoustic coupling and stressing sources are required.

Signal interpretation could be difficult.

2.2.4. Radiography

The basic principle behind radiography is that very-short-wavelength

electromagnetic radiation in the range of 10" to 10 m [Hayward, 1978], namely x-



rays or y-rays will penetrate through solid media, but will be partially absorbed by the
medium. The radiation, which passes through the material, can then be detected and
recorded on either film or sensitized paper, viewed on a fluorescent screen, or detected

and i by ic sensing i [Hull, 1988].

The amount of absorption depends on the density and thickness of the material and
on the intensity of the radiation. The amount of absorption will also be affected by the
presence of certain defects such as voids or porosity within the material. Defects will
significantly reduce the thickness of the material in that area so that more radiation is
transmitted to the film, producing a darker (higher density) image. A lower density

images means extra thickness or high ion. Figure 2.6 i how radi y

can be used to detect a subsurface defect in a plate.

Source

Internal defect

Image of defect Film

Image of
test piece

Figure 2.6. Radiographic principle.
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X-rays are produced by bombarding a metal target (anode) with a beam of high-
velocity electrons. The major components of an x-ray tube are a cathode (used to emit
electrons) and an anode target. Both are contained within a high vacuum envelope. A
schematic view of an x-ray tube is shown in Figure 2.7.

High voltage supply
-0 O

X-rays

Figure 2.7. Schematic view of an x-ray tube.

Y radiation is generated during the decay of radioactive nuclei. The specific
isotopes generally used as y-ray sources for radiography are Caesium-137, Cobalt-60,
Iridium-192, and Thulium-170. Since x-rays are produced by an instrument, they can be
switched on and off relatively easily. Conversely, since y radiation comes from

and are i emitted, they must be stored and transported

in a shielded container. Exposure of the source to the specimen is conducted by
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removing part of this shield for a suitable length of time. Figure 2.8 illustrates a y-ray

source container with a flexible cable.

An of radi is its capability to detect any features in a component

or structure provided there are sufficient differences in thickness or density within the

material. i i i are used for checking welds and castings,

and in many instances, the technique is specified for the inspection of mechanical
components. Radiography can be used to inspect most types of non-metallic and
metallic materials, both ferrous and non-ferrous, having a wide range of material
thickness. However, problems can arise when the technique is used to inspect very

high- or very low-density materials [Hull, 1988].

Source Armored wbing
/_ Collimator
o
(@

Winding machine

Container Flexible cable Source in
/ exposed position

®)
vy
Figure 2.8. y-ray source container with flexible cable: (a) closed position; (b) opened

position.



Although radiography is a very useful NDT technique, it has some relatively

ive features. The equil tends to be expensi to other NDT

instruments. The operating costs for radiography are also high, and the set-up time is
often lengthy. Another aspect that adds to radiography cost is the need to protect
personnel from the effect of radiation. Strict safety precautions have to be employed
when using radiography [Hull, 1988]. One other limitation of radiography is that the
ability to locate a defect will depend upon its orientation relative to the beam. Planar-
type defects such as cracks are not always detectable. Table 2.5 shows summary of

radiographic inspection technique.

Table 2.5. Summary of the radiography technique.

Penetrating radiation emitted by x-ray generator or isotope
source is imposed on a test component. Radiation transmitted or
= | attenuated by the component is used to detect internal flaws

23 within the component.

Cracks, porosity, voids, inclusions, internal malstructure, and

density variation.

Ferrous or fe metals, tals,

Entire components, wide range of shape and size.
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Table 2.5. Summary of the radiography technique.

@ Set-up time for instrument is lengthy and operation cost is
high.

® Access to opposite side of the component is normally
required.

* Voitage, exposure time, and focal spot size are critical.

*Radiation hazard.

2.2.5. Electr tic Techni

2.2.5.1. Eddy Current Testing

The basic principle underlying the eddy current testing is that if an alternating

current flows in a coil in close imity to an ically ive surface, the
magnetic field of the coil will induce circulating (cddy) currents in the surface. The
eddy currents in the surface will produce a magnetic field that will be in opposition to
the primary magnetic field surrounding the coil. Interaction between these two magnetic
fields causes a back electromotive force (EMF) in the coil and affect the loading on the

coil thus changing its impedance value.

If the material is uniform in ition and di ion, the i value of a

search coil placed close to the surface should be the same at all points on the surface. If

the material contains a discontinuity, the distribution of eddy currents and their




magnitude will be altered in its vicinity. There will be an interruption of the eddy
current flow and a consequent reduction in the magnetic field associated with the eddy
currents; thus the coil impedance value will be altered. The impedance of a coil can be
determined by measuring the voltage across it. In eddy current testing equipment,
changes in coil impedance can be indicated on a meter or chart recorder, or displayed on

a CRT screen [Hull, 1988].

There are two common search coils used: flat or pancake type coils, and solenoid
type coils (Figure 2.9). The pancake coil is suitable for the examination of flat surfaces
while the solenoid type is usually used in examining solid or tubular cylindrical parts.
For many test and inspection purposes, one or more coils are mounted in a holder to

form an inspection probe.
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Figure 2.9. (a) Solenoid type coil. (b) Pancake type coil [Hull, 1988].



Eddy current testing equipment consists of four basic parts: the input circuit, the
oscillator, the signal processor, and the display. Figure 2.10 shows the basic eddy

current testing equipment.

——_—@
[ Input circuit |—| Signal processor l— Display

Figure 2.10. Basic eddy current equipment.

A major advantage of the eddy current technique is that it can be used for crack
detection and location. An immediate assessment of crack depth and length can also be
given. Furthermore, the technique can be used to detect surface and sub-surface defects

of either ing or

within components, to determine the
surface coatings on ferrous or non-ferrous materials, and to measure physical properties
such as electrical conductivity, magnetic permeability and hardness [Hull, 1988]. Since
it is not necessary for the inspection probe to be in direct electrical contact with the part
being tested, the method can be adapted for many applications such as high-speed

automatic inspection.
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However, care should be taken since eddy current techniques are based on an

indirect system. It is y 1o establish clearly the relationship

between the structural and geometrical characteristics of a test piece and the instrument
response, since indications are affected by more than one physical property of the

component. Otherwise, interpretation of the signals may be difficult.

Before ing this i to inspect a the ij must be

calibrated, using a block of material that has same properties as the test component, to
obtain reference magnetic currents. For example, if it is desired to size the depth of a
crack located close to weld metal, the equipment must be calibrated using a test block
made from the same material and containing a crack located close to the weld metal

with known depth. Also, since the technique induces electric current fields within the

component, the material under test must be ically ive. Thus, the

is largely restricted to metals.

Eddy currents are not distri i a part under i
Their density is higher at the component surface immediately beneath the coil and
becomes negligible at some distance below the surface of large components. This
phenomenon is commonly referred to as the skin effect. The skin effect limits inspection
to the outer layers of the component and reduces its sensitivity to deep defects. The
depth below the surface at which the magnitude of the eddy current field is reduced to
37% of the value of surface current is called the standard penetration depth. The

standard ion depth can be estil using the i ip [Hull, 1988]:
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where: S = standard penetration depth (mm)
P = resistivity of the material (.mm)
1 = relative magnetic permeability of the material
(1 =1 for non-ferromagnetic materials)

f = frequency of the alternating current (Hz).

Frequencies in the range of 1 kHz — 5 MHz are normally used for the inspection of
non-magnetic materials, while frequencies lower than 1 kHz are often employed to
inspect magnetic materials [Hull 1988]. For non-magnetic materials, the choice of
frequency becomes relatively simple if the technique is used to detect surface flaws,
only. In such cases, relatively high frequencies are normally used. Conversely, detection
of subsurface defects at considerable depth requires the use of low frequencies, which

sacrifices itivity. For ic materials i ion, due to the relatively low

penetration depth, very low frequencies are required to inspect for subsurface flaws.

Higher frequencies can be used to inspect for surface defects only.

Figure 2.11 illustrates the important effect of defects orientation/location on
detectability. The defects must interrupt the surface eddy current flow to be detected.
Defects lying parallel to the current path will not cause any significant interruption and

may not be detected.



Discontinuity eddy currents

Figure 2.11. Effect of defect ori ion on ility of eddy current

Table 2.6. Summary of the eddy current technique.

Localised alternating currents induced in test component.
Change of impedance value from magnetic field surrounding
secondary/eddy current indicates flaws.

Cracks, seams, pits, and inclusions.

Ferrous or fe metals, alloys,

*Immediate assessment of crack depth and length.
*Can be used to measure coating thickness.

5| #Can be used to determine physical properties of materials.

#Can be used for high-speed automatic inspection.

a1



Table 2.6. Summary of the eddy current technique (continued)

N ing, but close imity of probe to surface is
required.
e False indications as a result of local variations in permeability
or physical metallurgy, edge effects, and lift-off effects.
#Calibration is required prior to inspection.

e Low penetration, limited to near-surface flaws.

2.2.5.2. Potential Drop Crack Measuring Technique

This technique is based on the introduction of a uniform current into the specimen
in a direction at right angles to a crack and the measurement of surface voltages around
the crack using a contacting probe [Lugg, 1996]. If two closely spaced electrical contact
points are applied to the surface of a specimen and a uniform high frequency potential
current is injected through the contacts into the specimen, there will be a potential

difference between the contacts.

The technique can be carried out with either direct and alternating current. As there
is no skin effect with the direct current system, the technique tends to be more suitable
for measurement of deep cracks (i.e. cracks more than 5 mm deep). If an alternating
current system is used, the current is carried in a thin layer at the metal surface due to

the skin effect [Halmshaw, 1991]. The depth of penetration of the alternating current
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into the surface of the material is termed the skin depth. There are several factors
affecting the skin depth and the relationship between these factors and the skin depth is

as follows [Raine and Monahan, 1996]:

24

Tt
where: & = skin depth
W = relative magnetic permeability of the material
Mo = magnetic permeability of free space
x = electrical conductivity of the material

f = frequency of the alternating current.

When sizing a deep crack using the direct current system, a significantly higher

potential is required to inject the field into the than that for the

current system. Consequently, high direct current potential can possibly heat the

and change its electrical resistivity, thus affecting the direct current potential

drop (DCPD) signals. Therefore, altemating current potential drop (ACPD) is more
commonly used than DCPD. With ACPD, the instrument mainly consists of an
alternating current supply, a voltmeter display, and a suitable probe with two contact

points.

To illustrate the potential drop technique, consider two contact points placed at a
considerable distance D apart on a flat surface. To obtain a uniform potential field in the
component, the distance between the two contacts should be arranged not too close. If a

probe is placed on any current line in the region that contains no crack (see Figure
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2.12), it will record the same potential difference V; over the path length between the
contact points. The measurement of V is required as a reference potential. If there is a
crack on the surface (see Figure 2.13), the path length between the contact points
becomes D + 2h, where h is the depth of the crack, and a second potential difference is
measured as V> (Halmshaw, 1991]. Then:

L/ T @s)
D D+2h
2.6)
If the two potential di Vi and V; are no prior calibration of the

equipment is needed, thus eliminating many causes of error. Potential difference

are based on an ion that the crack to be measured is infinitely long.
When the crack is short, current flows around the crack ends and this leads to

underestimate of the depth.

Figure 2.12. Potential drop technique: no crack between the two contact points.



Figure 2.13. Potential drop technique: a crack between the two contact points.

On an inclined crack, a potential drop instrument measures the length of the crack

face, P, not the penetrated depth, h (Figure 2.14) (Halmshaw, 1991].

Figure 2.14. Potential drop crack height measurement on an inclined crack
[Halmshaw, 1991].

The potential di crack i i can be used on any electrically

conductive material. The main ications of the i are 1991]:

as



1. To measure the depth of a crack found on the specimen surface by other inspection
methods.

2. To monitor the depth of a crack during the service life of 2 component.

On flat surfaces, where a uniform electrical field can be achieved, the results of crack

depth measurement by this method can be very good.

A limitation of this technique is that on irregular-shaped specimens, it may be very
difficult to ensure a uniform field across the cracked area. However, this lack of

can be and d by taking a series of reading over an area

adjacent to, but not across the crack. Since the technique injects potential current into
the component surface, a direct contact between probes and the component surface is
required. Consequently, surface cleaning is required before inspecting. Also, as the
technique is not intended for crack detection, other techniques are still needed to find

the defects. Table 2.7 gives a summary of the potential drop technique.

Table 2.7. Summary of the potential drop crack measuring technique.

-| A uniform electric current is injected between two contact points
on the surface of a component. The potential difference between
the two points is used to size the crack for depth.

=| Depth of cracks, pits, voids.

Metals, some alloys, electrically conductive materials.




Table 2.7. Summary of the potential drop crack measuring technique (continued).

4 Surface, subsurface, remote surface, regular and uniform shapes.

* Assessment of crack depth and length.
#Can be used to monitor crack depth during service life of a
component.

* Accurate measurement is achieved on flat surfaces.

#Contacting technique requiring surface cleaning before testing.
:| #False indications as a result of complex geometry, local

variation in permeability or physical metallurgy, edge effects,

and lift-off effects.

-| #Flaws should be oriented perpendicular to the current lines.

2.2.5.3. Alternating Current Field Measurement Technique

Alternating Current Field Measurement (ACFM) is based on the flow of a uniform
high frequency alternating current within the material and the measurement of
associated electromagnetic fields close to the surface. When an alternating current is
passed through a coil, magnetic fields are generated by the coil in the direction
perpendicular to the current flow. If the coil is placed in close proximity to an

electrically conductive material, the current will be introduced into the surface of the
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material. The introduction of the alternating current into the material is accomplished by

an ACFM probe.

The standard probe used in the ACFM technique consists of a large induction coil
to introduce the uniform high frequency alternating current into the material and two
small pick-up coils, designated as B, and B, to measure the magnetic field components
on the surface [Raine and Monahan, 1996]. Figure 2.15 shows an ACFM pencil probe
and Figure 2.16 shows the orientation of the magnetic field components on the surface
of the material. Note that the x direction is parallel to the crack orientation and the z

direction is perpendicular to the plate surface.

Induction coil

B, search coil

Figure 2.15. Pencil probe used in ACFM technique [Raine and Monahan,. 1996].



Figure 2.16. Orientation of the magnetic fields on the surface of a component.

When the uniform high frequency alternating current field is induced into the
material, the presence of a surface discontinuity such as a crack will disturb the uniform
field distribution. The field will take the path of least resistance; thus there is a tendancy
for some of the current to be diverted around the ends of the crack. Deviation of the
uniform current around the ends of the crack resulting in a rise in the B, signal just
before the crack ends and a sudden drop in the signal due to less current flowing toward
the crack centre [Carroll, 1998]. Concentration of the current near the ends of the crack
causes positive and negative peaks to appear in the B, signals. Figure 2.17 illustrates the

basic principles of the ACFM technique.



| Clockwise current
T—VLL flow gives B, peak

input current
Anti-clockwise
current flow
gives B, trough
=
Current lines
close
gives B, peak
Current lines
B. far apart gives
B, rough

Figure 2.17. Qualitative explanation of the nature of the B, and B, signals around a
crack [TSC Ltd. Home Page, 1999].

The peaks in the B, signal are used to provide information on defect location and
length. Using a mathematical model based on a theoretical interpretation of the field
perturbations caused by a defect, the technique calculates the depth and length of the
defect, thus allowing for an immediate evaluation of component integrity. Since the
significance of a defect, in terms of structural integrity, generally depends on the depth

of the defect, the ACFM ique gives valuable i i imating crack depth

and length requires ge of the By level, mini By level, and B,

estimates of crack length [Lewis, 1991].



Within the ACFM graphics display. the B, and B, signals are plotted as a function
of time as the probe is traversed parallel to the defect. Removing the time base from the
measurement of By and B, and graphing one against the other results in a butterfly plot
[Raine and Monahan, 1996]. The relationship between B, and B, in the butterfly plot is
shown in Figure 2.18.

B, increasing

B, increasing

Figure 2.18. B, and B, in the butterfly plot.

The advantage of the butterfly plot becomes apparent when the technique is used
for crack detection. When there is considerable noise in the B, and B, signals, the
butterfly plot enables the operator to clearly differentiate between spurious indications
and true crack signals [Raine and Monahan, 1996]. Figure 2.19 shows the ACFM
signals obtained from scanning a remote surface crack in a 6-Mo austenitic stainless

steel pipe.
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Figure 2.19. ACFM signals of a remote-surface-breaking defect in a 6-Mo austenitic
SS pipe.

As with the ACPD technique, the depth of penetration of the alternating current is
affected by factors such as frequency, relative magnetic permeability, and electrical
conductivity. The skin thickness can then be calculated using equation (2.4):

1

8,
Vip, xnf

It is apparent from equation (2.4) that materials with high permeability or conductivity

will have relatively small skin depths. At a frequency of about 5 kHz, ferromagnetic
steel has a skin depth of 0.1 mm, high conductivity materials such as aluminum,
tungsten and zinc have skin a depth of 1-2 mm, and low conductivity materials such as
titanium, stainless steel and Inconel have a skin depth of 5 to 8 mm [Lugg, 1992]. At a
frequency of 200 Hz, the skin depth in austenitic stainless steels can approach 30 mm

[Carroll, 1998].



A major advantage of the ACFM technique is its ability to detect defects and

estimate their depth as to other NDT i that only give

detection, or at best, length information. The technique can be used for defect detection
and characterisation in a wide range of electrically conductive materials such as carbon
steels, stainless steels, aluminum, and even titanium [Raine and Monahan, 1996]. The
technique is non-contacting [Lugg, et. al, 1988), insensitive to lift-off and unaffected by
the presence of non-metallic coatings and oxide layers on the surface of material [Raine
and Monahan, 1996]. The technique can be used to inspect over rough surfaces and

through coatings up to 5 mm thick [Raine and Monahan, 1996).

Since it is unnecessary to remove protective coatings or clean the component
surface extensively, the inspection time can be greatly reduced and significant cost
savings realized. Defect detection and sizing is based on mathematical modelling of the
magnetic field perturbations caused by a defect, which means that no calibration is
required, thus reducing the possibility of operator eror. By using mathematical
modelling in defects sizing, problems of differences between behaviour of currents at
slots and cracks, and differences at material properties can be avoided [TSC Ltd. Home
Page, 1999]. However, the sizing algorithms developed for magnetic steels cannot be
used for non-magnetic materials and additional work is needed to develop new
algorithms for this purpose [Raine and Monahan, 1996]. Since the technique provides
data storage, off-line reanalysis of the defects can be carried out to improve auditability

[TSC Ltd. Home Page, 1999].



A limitation of the ACFM technique is that it is only applicable for inspecting
electrically conductive materials and it cannot be used to detect defects in non-
conducting materials. Due to the high magnetic permeability of carbon steels, the
technique cannot be used to detect subsurface defects in these materials. However, in
low magnetic permeability materials such as duplex and austenitic stainless steels, the
technique can be used to detect subsurface and back-wall defects in materials up to 30
mm thick [Carroll, 1998]. The reason for this is the thicker skin depth which is
produced in less magnetic materials, enabling the technique to penetrate deeper into the

material [Raine and Monahan, 1996].

Since the technique relies on the interpretation of induced magnetic field
ccomponents, it must be ensured that the surface being inspected is in an unmagnetised

state. Therefore, if the has been previ i d using other magnetic

techniques (e.g. magnetic particle inspection), demagnetisation must be carried out on
the material before using ACFM. When inspecting weld regions, care must be taken
since these regions can contain weld spatter or grinding marks which can cause spurious
signals which may be confused with real defect signals. A summary of the ACFM

technique is provided in Table 2.8.



Table 2.8. Summary of the ACFM technique.

‘% A uniform high frequency altemating current electric field is

5= introduced into the surface of a component. The presence of a

=71 defect disturbs the associated electromagnetic field and the
are di .

The depth and length of cracks, pits seams, voids.

Metals, some alloys, electrically conductive materials.

Surface, regular and uniform shapes.

» Accurately measures depth and length of defect.

*Can detect surface, subsurface or remote-surface defects.
*Non contacting technique.

#Can inspect over rough surfaces and through coatings.

«Rapid and cost effective inspection can be achieved.

*No need to calibrate the instrument prior to each use.

*Only i for i i i ive materials.
*Gives better results for flat or smooth surfaces.

i *Flaws should be oriented perpendicular to the electric field
direction.

to be i should be
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2.2.6. Advantages of ACFM over the other NDT Techniques

It was the purpose of this research to detect and measure the actual depth and length
of remote-surface-breaking defects in 6-Mo austenitic stainless steel pipes. The pipes
used in the research were 3.4 mm and 3.8 mm thick and were considered to be thin-
walled pipes. Artificial defects were fabricated using a slitting wheel and were located
in the base metal and near the weld toe. The defect geometry was chosen to be
representative of the type of localized corrosion damage sometimes found near weld
seams in 6-Mo pipework used on the Hibernia oil platform. A more detailed explanation
of the specimen preparation procedure is given in the next chapter. This section is
intended to explain the advantages of ACFM over other NDT techniques for

characterising the type of defects considered in this research.

The first i di d was visual i ion. Visual i i either with

or without aids, is not applicable to this case. Remote-surface-breaking defects will not

be when visual i ion is from the outer surface. Similarly,

liquid penetrant testing, as an aid to the visual technique, is also unsuitable for this

task. F since 6-Mo itic SS is a nagnetic material, the

magnetic particle inspection technique cannot be used.

Ultrasonic testing is a competitive technique with ACFM. Ultrasonic testing can be
used to inspect for internal defects and weld defects in any metals, non-metals, and

composites. However, due to the presence of a dead zone (explained earlier), this



technique is not suitable for inspecting thin materials. Since the pipes used in the

research are considered to be thin-walled, ultrasonic testing will not work properly.

Acoustic emission can be used to monitor crack initiation and propagation within
pipelines. However, if the technique is used to monitor the whole structure, several
sensors or probes must be installed at numerous locations. The number of sensors
required in this case renders the technique cumbersome and costly. Although the
technique can provide continuous monitoring of the structure over a period of time, it
does not indicate the size of the defect detected. Hence, other NDT techniques are still

required to determine the size of the defect.

Radiography is capable of detecting remote-surface defects in 6-Mo austenitic
stainless steel, but interpretation of the image may be difficult since the thickness of the
pipe is quite small. Also, if the depth of the defect is small, for example | mm or less,
the density difference between a defective region and an adjacent area which is
undamaged will be very small. As a result, the defect will be undetectable. Further,

radiography is only capable of indicating the length of the defect, and not its depth.

F i can be expensive to apply when it is required to inspect a
large quantity of pipework. The set-up time required before inspection and the radiation

hazard i with i are ity factors which render the technique

less attractive than ACFM.

Other NDT techniques that can be used to inspect for surface-breaking defects are
eddy current testing and ACPD. Eddy current testing is the main rival to ACFM when it

comes to detecting and sizing surface and subsurface defects. Although eddy current



|
|

testing may be able to detect and characterize the type of remote-surface-defects
considered in this research, the technique does not work well if scanning is carried out
in the vicinity of weld metal. When defects are located near a weld, the distribution of
the circular/non-uniform eddy currents will be altered by the presence of weld metal.
Hence, there will be a change in the magnetic field associated with the eddy currents,
thus leading to a change in the coil impedance value. This phenomenon will affect
signal interpretation. The non-uniform nature of the eddy current also limits its
sensitivity to deep defects because the current does not flow to the bottom. In addition,
eddy current testing equipment must be calibrated before being used. The calibration
procedure will vary from one application to another, depending on the material and
defect geometry. When scanning weld defects, for example, the equipment must be
calibrated on a material in the same condition as the test component. If the technique is
intended to measure the depth of a crack, calibration must be conducted on a cracked
material with known depth. With ACFM, the electric currents flow uniformly over the
surface of the component and are not affected by the presence of weld metal. Besides
being able to indicate defects at welds, the ACFM technique is also capable of

determining the length and depth of such defects.

Alternating Current Potential Drop (ACPD) can be used to size cracks for length
and depth and the technique is able to work in the vicinity of weld metal. However, the
technique is contacting and, thus, the area to be inspected must be free from surface
coatings and/or oxide layers. If the inspection is to be conducted over large areas, the

cleaning requirement will be costly and time consuming. Further, protective coatings

must be repaired after the i ion task is i The ACPD i also
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requires that a reference voltage reading be taken from a crack-free surface during the

inspection. Error in taking the reference potential will lead to i

in estimating the depth and length of the defect. In comparison, the ACFM technique is
non-contacting, which means that surface cleaning requirement is unnecessary, and
inspection time and cost can therefore be reduced. Also, the ACFM technique requires
no calibration, which makes the inspection process easier and reduces the risk of error.
All of these advantages help to reduce inspection time and cost. Finally, since ACFM
has the potential to detect surface, subsurface and remote surface defects, either in the
base metal or near the weld metal, the technique is considered, by the author, to be the

best choice for ing the i ion problem i in this research.




Ch. 3

EXPERIMENTAL PROCEDURES

3.1. Introduction

Experiments were carried out to obtain data to be used to develop models for
predicting the length and depth of remote surface defects stainless steel piping. Details
of test specimen preparation and equipment set-up are given in the following sections

and the experimental results are presented in the next chapter.

The material used in this study was 6-Mo austenitic stainless steel pipe. Duc to low
magnetic permeability of this material, electric field induced by ACFM probe can
penetrate the material relatively deeply. Deep penetration of the electric fields enables

defects on the remote surface to be detected and their depth and length to be calculated.



3.2. Specimen Preparation

Two different sizes of 6-Mo austenitic stainless steel pipes were used in the
experiments. Each pipe had a circumferential weld seam near the middle of its length.
Artificial defects were machined into the inner surface of the base metal and weld toe
using a 1 mm thick by 102 mm diameter slitting saw. All defects were flat-bottomed
with curved sides. The defects were designed to simulate the type of localised corrosion
damage in piping system installed on the Hibemia platform. The reason for machining
defects at the weld toe as well as the base metal is that the metallurgical structure of the
weld metal may change due to welding. A change in the metallurgical structure can
affect the magnetic permeability of the metal which, in tum, can affect the ACFM
signals. It was considered important to investigate this effect and, if necessary, account

for it during model development.

To avoid edge effects, defects machined in the base metal were located a minimum
of 40 mm from the free ends of the pipe. The edge effect is a perturbation in the ACFM
signals due to a concentration of the induced current at the plate end. Detailed

dimensions of test specimens are given in Figure 3.1 and Table 3.1.
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Figure 3.1. Test specimen.

Table 3.1. Dimension of the pipes used in the experiment.

Pipe1 Pipe 2
Thickness (mm) 34 38
Diameter (mm) 155 215
Length (mm) 300 300

To investigate the effect of defect size on the ACFM signals and develop models

for predicting the depth and length of the backwall defects, two sets of experiments

were each involving i In i set no. 1, the
was between similar defects locations in pipes of two different thicknesses. For this

purpose, the location of the artificial defects were as follows:



1. In the base metal of the 3.4 mm pipe wall thickness.

2. In the base metal of the 3.8 mm pipe wall thickness.

In the experiment set no. 1, the defects were used to obtain a relationship between
signal ratio against actual defect depth, and between B, defect length against actual

defect length. The details of the calculation are presented in the next chapter.

As in Table 3.2, six different series of actual depths were machined in the base
metal of the 3.4 mm wall thickness, i.c. 1.0 mm, 1.5 mm, 2.0 mm, 2.5 mm, 2.8 mm, and
3.0 mm. The lengths of the defects were made to vary for each depth, i.e. from 35 mm
to 51 mm. Six different series of actual depths were also machined in the base metal of
the 3.8 mm pipe wall thickness, ranging from 1.0 mm to 3.5 mm, with a 0.5 mm depth

increment.

In i set no. 2, the ison was between defects in pipe of the same
thickness, but at different locations where the metallurgy of the metal also differed.
Locations of the artificial defects in the experiment set no. 2 are as follows:

1. In the base metal of the 3.8 mm pipe wall thickness.

2. Atthe weld toe (heat-affected zone) of the 3.8 mm pipe wall thickness.

The defects located in the base metal and weld toe of the 3.8 mm pipe wall
thickness were used to obtain a relationship between signal ratio against actual depth,
and between B, defect length against actual defect length. The details of the calculation

are presented in Chapter 4.
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As in Table 3.3, six different series of actual depth were machined at the weld toe
and base metal of the 3.8 mm pipe, ranging from 1.0 mm to 3.5 mm, with 2 0.5 mm
depth increment. To evaluate the influence of the heat-affected zone on the ACFM

signals, the length of the defects for the same depths in both locations were machined

equal.

Table 3.2. Dimensions of the artificial defects in the 3.4 mm and the 3.8 mm pipe
wall thickness (experiment set no. 1).

Wall thickness | Actual Defects Depth (mm) | Actual Defects Length (mm)
1.0 35
15 42
34mm 20 d
25 47
238 a8
30 51
1.0 36
LS 38
20 41
S8 25 43
30 45
35 43




Table 3.3. Dimensions of the artificial defects at the weld toe and the base metal of
the 3.8 mm pipe wall thickness (experiment set no. 2).

Defects Location | Actual Defects Depth (mm) | Actual Defects Length (mm)
1.0 4
L5 45
Weld Toe (HAZ) 20 2
e 25 47
30 49
35 50
1.0 44
15 45
20 46
Base Metal 25 Ty
30 49
35 50
3.3. Apparatus

A model U9 ACFM crack microgauge manufactured by Technical Software
Consultants (TSC) Ltd. was used in conjunction with a micro-pencil probe type 163.

The ACFM crack mi model U9b a signif advance in i

technology and provides the capability of both ACPD and ACFM techniques. The U%b
model is portable and designed primarily for on-site use. The micro-pencil probe is
manufactured with high sensitivity coils. Using this probe, the butterfly plot is distorted
since the search coils, i.e. the B, and B, coils, are not coincident. Figure 3.2 illustrates

the dimension of the micro-pencil probe.
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Figure 3.2. Top side micro-pencil probe type 163.

A Pentium 150, 32 MB RAM extemal computer was used to control the
instrument during the experiments. TSC’s QFM version 2 software was installed on the
computer for monitoring and graphing data obtained from the ACFM probe. The

computer allows the data to be stored thus improving auditability and allowing off-line

ysis or y ¥ ison of defect size. Figure 3.3 shows the U9 ACFM

crack microgauge connected to the external computer.



Figure 3.3. The U9b ACFM crack mi to the external

3.4. Defect Identification

It is necessary to understand the behavior of the ACFM signals to identify the
appearance of a defect. During scanning, it is important to look at the By and B, traces
all the time and to take notice of any loops on the butterfly plot. If the B, signal shows a
dip, a defect may exist in that area. If the butterfly plot makes any significant loops,
additional scans should be carried out over a broad area either side of the signal. This is
particularly important if the butterfly is moving up or down the screen. A butterfly
moving up or down the screen with any sort of looping is likely to be a long crack

[Smith, 1997]. Figure 3.4 illustrates a decision tree for crack identification.
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Probably a LONG CRACK.
Scan a large section and look for
crack-like trends, especially on
B, 10 confirm.

Figure 3.4. Decision tree for crack identification [Smith, 1997].

3.5. Scanning of Defects

Before starting the some related to i settings had
to be chosen to optimise the appearance of the signals. Improper selection of the
instrument settings can cause noise in the signals. Noise is a condition where the B,, B,,
and butterfly plot are not shown clearly on the screen due to random perturbations in the

signals (e.g. variati in i ility of the base material and/or stray
gn:

electromagnetic fields). Figure 3.5 shows noise in the ACFM signal and Figure 3.6

displays the i settings used in conjunction with the micro-pencil probe.




Figure 3.5. “Noise” in the ACFM signal.
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Figure 3.6. Instrument settings used in the experiments.

Gain is an amplification factor applied to the raw input voltage after an initial
amplification of x 10°. Filter is used to cut-off frequency after rectification, thus

reducing noise in the display. There are two choices of filter in the U9b instrument: |



Hz for stable, high precision readings such as in ACPD crack growth monitoring and

100 Hz for rapid response time such as in manual ACFM crack detection.

Probe types used in the U9b instrument are classified by the number of wires used
in the connection. Standard ACFM probes use the 2-wire setting and ACPD probes use
the 3-wire setting. The frequency of the output current used in the standard ACFM
technique is 5 kHz. Amperage reveals the output current amplitude. The U9b instrument

has two choices of current: high (1.0 Amps) and low (0.5 Amps).

For each different defects depth, scanning was carried out five times. During
scanning, the probe was traversed on the external surface of the pipe, parallel to the
artificial defect located in the internal surface of the pipe. The travel speed of the probe
was maintained at approximately 15 mm/second to obtain good sensitivity. Figure 3.7

illustrates the scanning process on the external surface of a 3.4 mm pipe wall thickness.

Figure 3.7. Scanning process on the external surface.



The results of the scanning are showed in Appendix A, B, C, and D. Appendix A
shows the ACFM signals obtained from scanning of the defects located in the inner
surface of the base metal of the 3.4 mm pipe wall thickness, i.e. defects location no. 1.
Appendix B shows the ACFM signals obtained from scanning of the defects located in
the inner surface of the base metal of the 3.8 mm pipe wall thickness, i.e. defects
location no. 2. Appendix C shows the signals obtained from scanning of the defects
located in the inner surface of the heat-affected zone (weld toe) of the 3.8 mm pipe wall
thickness (defect location no. 3). Appendix D shows the signals obtained from scanning
of the defects located in the inner surface of the base metal of the 3.8 mm pipe wall

thickness (defects location no.4).

During each scan, when the B, signal reached the peak and trough, i.e. the defect
ends, the specimen surface was marked along the centreline of the probe. To accurately
locate the peak and trough, the probe should be moved back and forth near the defect
ends while watching the B, signal on the computer screen. The physical length between

the marks, i.e. peak and trough, is called B, length.

The B, signal is used to calculate a non-dimensional parameter called the signal
ratio. The measurements used to calculate the signal ratio are the minimum and
background B, values. If the background level is relatively constant, as depicted in
Figure 3.8 (a), the background B, value can be taken from either side of the trough. On
the other hand, if the B, signal is as illustrated in Figure 3.8 (b), the background B,

value is determined from both sides of the trough by taking an average value.
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Figure 3.8. Determination of background B, level.




Ch. 4

DATA COLLECTION
AND ANALYSIS

4.1. Introduction

Data obtained from the experiments is presented in Tables 4.1 and 4.2. An analysis
of the data was carried out using a regression technique called ordinary least squares
(OLS). OLS is a widely used approach. It yields coefficient estimates of the line that
minimises the sum of the squared residual error. Residual error is the difference
between the observed and fitted values, determined by the regression equation.

Statistical software package Minitab (release 12) was used for the regression analysis.



Fitting a straight-line model is often preferable to fitting a polynomial model to
curved data, since the lines might give some idea of a relationship between the two
measured variables. Using a polynomial model might be equally good for estimation
over the range of the data, but it might not work well outside the range of the data

[Ryan, 1994].

Whenever fitting a model to a set of data, plotting of the data and residuals is
suggested. Scatterplots of the data and residual help in diagnosing potential problems
and spotting outliers. Outliers are observations that are far from the majority of the data.
A scatterplot is a basic tool for understanding the relationship between two measured

variables. Sometimes, transformation should be used since some problems such as

and ity can occur in the raw data. Models
that originally appear inappropriate may become reasonable after transformation

[Hamilton, 1992].

To develop model equations, a dummy variable (0, 1 dichotomies) is used. A
dummy variable is useful to analyze a model with a categorical predictor (x). Intercept
dummy variables and slope dummy variables are used to test for differences in

intercepts and slopes.

The signal ratio term which appears in Table 4.1 and Table 4.2. is a non-

using the

Bx background — Bx minimum

“@.n
Bx background

Signal ratio =
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The signal ratio is used to represent the defect depth because its magnitude is not
affected by variations in the magnetic permeability of the material undergoing

interrogation or by changes to the gain setting in the ACFM instrument.
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4.2. Regression Analysis of Signal Ratio against Actual
Defects Depth

To be able to predict defect depth from the signal ratio, a relationship between the
two variables was developed. This relationship is in the form of equations obtained

from linear regressions of the data compiled in Table 4.1.

Since there are two different wall thickness, i.e. 3.4 mm and 3.8 mm, a dummy
variable is used to differentiate between the two thickness. Hence, the three variables
used in the regression analysis are as follows:

y — estimated defect depth;

Xy — thickness type: dummy variable coded O for 3.4 mm and 1 for the 3.8 mm:

X>— natural logarithm of signal ratic (loge signal ratio).

In raw form, a plot of the actual defect depth against the signal ratio showed negatively
skewed distributions. It was therefore decided to use a natural logarithm of the signal
ratio. The analysis was carried out by regressing the natural logarithm of the signal ratio
and the dummy variable to the actual defect depth. Figure 4.1 and Figure 4.2 show

scatterplots of the signal ratio against the actual defect depth.



Plot of Signal Ratio against Actual Defect Depth

48 45 41 42 40 38 36 I4 32 A0

Log. Signal Ratio (3.4 mm)

Figure 4.1. Plot of signal ratio against actual defect depth for pipe having 3.4 mm

wall thickness.

Plotof Signal Ratios against Actual Defect Depth

35

Actual Defect Depth (mm)
8
1

3

Log. Signal Ratio (3.8 mm)

Figure 4.2. Plot of signal ratio against actual defect depth for pipe having 3.8 mm

wall thickness.

The regression analysis yielded:

y=6.02+0.339 x; + 1.03 x;

“2)



Equation (4.2) has a significance level (p-value) for the dummy variable equal to 0.011.
The significance level is the smallest value of the confidence interval () for which the

test results are isti igni 1983]. Since the assumed

level for the i is 0.05 and the p-value obtained from analysis

was 0.011, the dummy variable in this case is not significant and can be neglected.

| Analysis is then performed by regressing the actual defect depth against the natural
logarithm of signal ratio for each thickness. For the 3.4 mm wall thickness, regression
analysis yielded:

y=652+116x; @3)

A plot of the regression equation is depicted in Figure 4.3.

Regression Plot of Logs Signal Ratic against Actua Defect Depth

¥ = 651826 + 1.18250X
Ase- 8%

Figure 4.3. Regression plot of log. signal ratio against actual defect depth for pipe
having 3.4 mm wall thickness.



To check whether the derived model can be used with confidence, regression
diagnostic procedures are performed on the equation. The procedure is to plot residuals
against fitted values of the estimated defect depth. The residual plots of equation (4.3)

are as follows:

Residuals Versus the Fitled Values
(resgorse s e Extenama Detect Doy

i Va

Figure 4.4. Plot of residual against fitted value of the equation (4.3).

Normal Probability Plot of the Residuals
(resoonse s fu Extimama Detect Deg)

Figure 4.5. Plot of residual against normal score of the equation (4.3).



For the 3.8 mm wall thickness, the regression analysis yielded:
y=6.1+0.966 x; “44)
The regression plot of equation (4.4) is depicted in Figure 4.6.

Regression Plot of Logs Signal Ratio against Actual Defect Depth

Log. Signal Ratio
Figure 4.6. Regression plot of log. signal ratio against actual defect depth for pipe

having 3.8 mm wall thickness.

The residual plots of equation (4.4) are depicted in Figure 4.7 and Figure 4.8.

Residuals Versus the Fitted Values.
(maponse s fe Exsmamd Detect Dept)

02 =

Vs 2% a5
Ftted Value

Figure 4.7. Plot of residual against fitted value of the equation (4.4).



Normal Probability Piot of the Residuals
{3ponse s P Estmamd Detect Depm)

Figure 4.8. Plot of residual against normal score of the equation (4.4).

The plots of residual against normal score of both models (Figure 4.5 and Figure
4.8) show a linearity pattern, and the plots of residual against fitted value (Figure 4.4

and Figure 4.7) result in a random scatter plot. This indicates that population errors are

normal and i i istri Therefore, the i quation (4.3) and equation

(4.4)) can be used for model predictions.

4.3. Regression Analysis of B, Defect Length against Actual
Defect Length
In this section, the same method is used to analyse the data from Table 4.1. In
doing so, the three variables to be used in the regression analysis are as follows:
y — estimated defect length;

x;— thickness type: dummy variable coded 0 for 3.4 mm and | for 3.8 mm;



X2— B, defect length.

Scatterplots of the B, against the actual defect length are depicted in Figure 4.9 and

4.10.

Piot of B; Defect Length against Actual Defect Length

s
1

Actual Defect Length (mm)
&
1

8

Tt —TT
14 15 e 17 20 21 2 23 2

Bz Defect Length (mm)

Figure 4.9. Plot of B, against actual defect length for pipe having 3.4 mm wall
thickness.

Plot of B, Defect Length against Actual Defect Length

B: Delect Length (mm)

Figure 4.10. Plot of B, against actual defect length for pipe having 3.8 mm wall
thickness.

83



The regression analysis yielded:
y=921+096x;+ 1.72x; “.5)

The dummy variable of equation (4.5) has a significance level equal to 0.543. Since the

significance level is higher than that of the assumption, equation (4.5) can be used for

model predictions.

As thickness type (x;) in equation (4.5) is an intercept dummy variable, for the 3.4
mm wall thickness:
y =9214096(0) + 1.72x2
=921+ 1.72x, (4.6)
For the 3.8 mm wall thickness, equation (4.5) yielded:
y =9214096 (1) + 1.72x:

=10.17+1.72x; @7

Plots of equation (4.6) and (4.7) are shown in Figure 4.11. The two lines in Figure
4.11 only differ in the value of the intercept. The lines suggest that estimated defect
length increases by the increase in the B, defect length. For any given B, defect length,
defects in the 3.8 mm thick pipe wall tend to have a longer estimated defect length than
those in the 3.4 mm thick pipe wall. The defect depth to thickness ratio (UT), however,
affects the strength of the ACFM signals. At the same actual length and depth, defects
in the 3.4 mm pipe wall thickness generate stronger signals due to a higher VT, which

appears to result in a longer B, length.



Plot of B, Defect Length against Actual Defect Length and the Intercept Dummy Variable

|
|
|

| —3smm
| —3emm

o 25 s s 0 125 s s 0 =s
8, Defect Length (mm)

Figure 4.11. Regression plot of B, defect length against actual defect length and the
intercept dummy variable.

Therefore, an analysis was conducted to regress the dummy variable, the B, defect
length, and the UT. The variables used in the regression analysis were as follows:
y — estimated defect length;

x;— thickness type: dummy variable coded 0 for 3.4 mm and 1 for 3.8 mm thickness;

X2 B, defect length;

x3— defect depth-to-wall-thickness ratio (UT).



Regression analysis yielded:
y=223-101x,+0.638 x; + 14.8x; (X))

Equation (4.8) suggests that for the same value of signal ratio and UT, the estimated
defect length of a defect located in the 3.4 mm thick pipe wall tends to be longer than

that in the 3.8 mm thick pipe wall.

4.4. Regression Analysis of Signal Ratio against Actual Defect
Depth for Defects Located in Base Metal and Weld Toe

Sections 4.5 and 4.6 explain the relationship between the signal ratio and the
estimated defect depth, and between the B, length and estimated length of defects
machined in the base metal and weld toe of the 3.8 mm pipe wall thickness. The
purpose of the regression analysis is to judge whether changes in material properties

caused by welding affect the model predictions.

Data used in the analysis are obtained from Table 4.2. The same procedure, i.c.
using a dummy variable due to account for the two different defect locations, has been
used. The three variables to be used in the regression analysis are as follows:

y — estimated defect depth;
x;— defect location: dummy variable coded 0 for defects located at the weld toe and
1 for defects in the base metal;

Xx2— natural logarithm of signal ratio.



Since the plots of actual defect depth versus signal ratio in raw form have negatively
skewed distributions, logarithms of the signal ratio are used. Figure 4.12 and Figure

4.13 depict scatterplots of the signal ratio versus the actual defect depth.

Plot of Signal Ratio against Actual Defect Depth
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Figure 4.12. Plot of signal ratio against actual defect depth for defects at the weld toe
of the 3.8 mm pipe wall thickness.

Plot of Signal Ratio against Actual Defect Depth

Actual Defect Depth (mm)
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Figure 4.13. Plot of signal ratio against actual defect depth for defects in the base
metal of the 3.8 mm pipe wall thickness.



Regression analysis yielded:
y =635-0.172x,+ 1.04xz @9

Since the ion equation has a signil level equal to 0.263, the model can be

used with confidence to represent the relationship between the signal ratio and the
estimated defect depth. As x, in equation (4.9) is an intercept dummy variable, for
defects located at the weld toe:
y =635-0.172(0) + 1.04 x»
=635+ 104x, (4.10)
For defects located in the base metal:
y =635-0.172(1)+ 1.04 x>

=6.178+ 1.04x @.11

To test for a difference in slopes, an interaction term called a slope dummy variable
is used. The slope dummy variable is produced by multiplying together a dummy and
measurement variable [Hamilton, 1992). If x; is a dummy variable and x, is a
measurement variable, then x,-x; is the slope dummy variable. Regressing the actual
defect depth (Table 4.2, column 2) against the signal ratio (x») and the slope dummy
variable (signal ratio times defects location) yielded:

y =6.25+ 101 x, +0.0503 x, x2 4.12)
For defects located at the weld toe (x; = 0), equation (4.12) becomes:

y =6.25+ 1.01 x +0.0503 (0) x;

y =6.25+10Lx; 4.13)



For defects located in the base metal (x; = 1), equation (4.12) yielded:
y =6.25+ 101 x,+0.0503 (1) x2
(4.14)

=6.25 + 1.0603 x»
Analysis of equations (4.13) and (4.14) is presented in Chapter 5.

4.5. Regression Analysis of B, Defect Length against Actual
Defect Length for Defects Located in Base Metal and

Weld Toe
Three variables are also used in this regression analysis. The three variables are as

follows:
y — estimated length of defects located at the weld toe and base metal;

x;— defect location: dummy variable coded O for a defect at the weld toe and 1 for a

defect in the base metal:

x2— B, defect length.
Figure 4.14 and Figure 4.15 show scatterplots of the actual and B, defect length.



Plot of B; Defect Length against Actual Defect Length
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Figure 4.14. Plot of B, against actual defect length for defects at the weld toe of
the 3.8 mm pipe wall thickness.

Plot of B Defect Length against Actual Defect Length
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Figure 4.15. Plot of B, against actual defect length for defects in the base metal of
the 3.8 mm pipe wall thickness.



Regression analysis yielded:
=-145-0.124 x; +2.95x, (4.15)
Since the dummy variable of equation (4.15) has a significance level equal to 0.809, the

model can be used to predict the defect length from the B, length.

In equation (4.15), location type (x;) becomes an intercept dummy variable. For
defects located at the weld toe:
y =-145-0.124 (0) + 2.95 x;
=-145+295x; (4.16)
For defects in the base metal:
y =-145-0.124 (1) +295x;

=-14.624 +2.95 x; .17

Plots of equation (4.16) and (4.17) are depicted in Figure 4.16. The two lines in
Figure 4.16 have the same slope but differ in intercept. The lines show that the
estimated length always increases with increases in the B, length. The plots also suggest
that for any given B, length, the estimated length of a defect located at the weld toe is
slightly longer, i.e. 0.124 mm longer, than that of a defect located in the base metal.
Since the crack length sizing accuracy of the ACFM technique is about + 0.5 mm, the
difference of 0.124 mm between the estimated length of a defect located at the weld toe

and a defect located in the base metal is not significant and may be ignored.
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Plot of B, Defect Length against Actual Defect Length and the intercept Dummy Variable
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H

B, Defect Length (mm)

Figure 4.16 Regression plot of B, defect length against actual defect length and the

intercept dummy variable for defects location.

However, since the magnitude of the B, length is affected by UT, this variable

should be i in the ion. A ion analysis was therefore carried out
to regress the dummy variable, the B, length, and the VT ratio. Variables used in the
regression are as follows:

y — estimated defect length of defects located at the weld toe and base metal;

X;— defect location: dummy variable coded 0 for defects at the weld toe and 1 for

defects in the base metal;



x2— B, length;
X3— defect depth to pipe thickness ratio (UT).
Regression analysis yielded:

y=33.5+0.2x; +0.396 x2 + 8.49 x5 4.18)
Equation (4.18) suggests that for the same value of signal ratio and UT, the estimated
length of a defect located at the weld toe tends to be longer than that of one located in

the base metal.
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Ch. §

DISCUSSION OF RESULTS

It would appear that the ACFM technique can be used to detect backwall-breaking

defects in 6-Mo austenitic stainless steel pipes. Since the austenitic stainless steels are

with a I gneti ili istic, when an electric field is

induced into these materials, magnetic lines generated by the field are not concentrated

near the surface. The lines are distril relatively unif y the material.
Therefore, capability of ACFM to detect backwall defects is remarkably good. On the
other hand, the sensitivity of the ACFM technique to external surface-breaking defects
in the austenitic stainless steels is less than its sensitivity to extemal surface-breaking
defects in ferromagnetic materials such as carbon steels, which have a high magnetic

permeability characteristic.



One of the major objectives of this research was to determine the threshold depth
of ACFM for the detection of backwall surface-breaking defects in 6-Mo stainless steel
piping. The threshold depth is defined as the minimum depth of defect that can be
detected using the ACFM technique. The experiment was started by machining a | mm
deep defect into the base metal of a piece of 3.8 mm wall thickness pipe. Although the
defect had a small depth-to-wall-thickness ratio (UT), the ACFM signals obtained from
scanning the defect (i.e. the B,, B., and butterfly plots) could be used 1o detect the
defect. However, care had to be exercised, due to the presence of noise in the signals
which could mask the defect. In this 1 mm deep defect, scanning should be conducted
carefully to obtain indication of the defect, since there were lots of noise in the signals.
Therefore, it was decided that if the depth of the defect were made less than 1 mm, e.g.
0.5 mm, the ACFM technique would not be able to detect the defect due to too much

noise in the ACFM signals.

When a defect having the same depth, i.c. | mm, was machined at the weld toe, the
ACFM probe was not able to detect the defect. The signals could not reveal the defect
due to noise in the B and B, traces. After increasing the defect depth to 1.5 mm, it was
observed that the ACFM probe could detect the defect. Therefore, based on these

results, it is that the mini! depth of defect located in base

metal that can be ised by the ACFM ique is 1 mm, or UT = 0.26. Using
UT = 0.26, the minimum depth of defect in the base metal of a 3.4 mm wall thickness

pipe that can be estimated is as follows:



L-026
T
t =026x34
=0.88 mm

where:  t =defect depth (mm)

T = pipe thickness (mm).

For the 3.8 mm wall thickness pipe, the minimum depth of defect that could be
detected in the weld toe using the ACFM technique, was found to be 1.5 mm, which
resulted in a minimum tT value of 0.39. Using this minimum UT value, the threshold

depth of a defect located in the weld toe of a 3.4 mm wall thickness pipe can be

estimated as follow:

% 039
t =039x34
=133 mm
where:  t =defect depth (mm)

T = pipe thickness (mm)

With regard to the regression analysis of signal ratio against the actual defect depth
for defects located in the base metal, Figure 5.1 shows the regression lines of equation
(4.3) and (4.4):

y=6.52+ L.16 x5; for defects in 3.4 mm wall thickness pipe;

y =6.1+0.966 xz; for defects in 3.8 mm wall thickness pipe.



where: y = estimated defect depth [mm]

X2 = log signal ratio.

Regression Plot of Signal Ratio against Actual Defect Depth
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Figure 5.1. Regression plot of signal ratio against actual defect depth

Figure 5.1 shows that for the same value of signal ratio, the estimated depth of
defects located in the 3.8 mm wall thickness pipe is greater than that of defects located
in the 3.4 mm wall thickness pipe. In other words, for the same value of estimated
depth, the signal ratio obtained from the 3.4 mm wall thickness pipe is stronger than

that obtained from the 3.8 mm wall thickness pipe.



The VT factor, however, affects the strength of the signals. For the same defect
depth (1), the ratio of UT for the 3.4 mm wall thickness pipe will always be greater than
that for the 3.8 mm wall thickness pipe, resulting in stronger signals received by the
ACFM instrument. Using equations (4.3) and (4.4), the estimated depth of the defects
can then be calculated. Table 5.1 shows a comparison between the actual and estimated

depth of the defects located in 3.4 mm and 3.8 mm thick pipe walls.

Table S.1. Actual and estimated depths of the defects located in 3.4 mm and 3.8 mm
wall thickness pipes.

Wall Thickness | Actual Depth (mm) | Estimoted Depth | - Differsnce
10 102 239
18 145 353
20 209 42
4w 25 246 182
28 281 0.26
30 301 016
Average 207
10 134 3355
L5 136 945
20 189 564
3mm 25 244 233
30 279 693
35 368 526
Average 1052




Regression analysis of the B, length against the actual length yielded equation
(4.8):
y=223-101x,+0638x;+ 148 x5
where: y = estimated length [mm]
x; =dummy variable; 0 for 3.4 mm, and | for 3.8 mm thickness
x; =B, length [mm]
x3 =UT.
Equation (4.8) suggests that for the same value of the signal ratio and UT, the estimated
length of a defect located in the base metal of the 3.4 mm wall thickness pipe tends to
be longer than that in the 3.8 mm wall thickness pipe. Table 5.2 gives a comparison
between the actual, B,, and estimated lengths of defects located in the base metal of 3.4

mm and 3.8 mm wall thickness pipes.

Table 5.2. Actual, B,, and estimated length of the defects located in 3.4 mm and
3.8 mm wall thickness pipes.

Wall Actual B, (%) (%)
Thickness | Length | Length Length (Est. to Actual) | (B; to Actual)
35 148 36.03 296 57.71
42 198 4144 133 52.86
46 238 46.22 0.48 48.26
3.4mm 47 22 47.29 061 53.19
48 222 48.60 125 53.75
51 216 49.10 372 57.65
Average 172 53.90




Table 5.2. Actual, B,, and estimated length of the defects located in 3.4 mm and
3.8 mm wall thickness pipes (continued).

Wall Actual B, (% (%)
Thickness | Length | Length Length (Est. to Actual) | (B; to Actual)
36 162 3547 1.46 55.00
38 168 37.78 0.58 55.79
41 176 40.36 1.55 57.08
3.8 mm 43 182 4267 0.77 57.68
45 204 46.00 222 54.67
48 212 48.43 0.90 55.83
Average 1.25 56.01

Regression analysis of the actual depth against signal ratio for defects located at the
weld toe and the base metal of the 3.8 mm wall thickness pipe yielded equations (4.10)
and (4.11):

y=635+1.04x5; for defects located at the weld toe;

y=6.178 + 1.04 x;; for defects located in the base metal,
where: y = estimated defect depth [mm]

X3 = log. signal ratio.

Plots of equations (4.10) and (4.11) are shown in Figure 5.2. The two lines in Figure 5.2
show that the estimated depth in both cases increases with increasing signal ratio. From
Figure 5.2, the difference in intercept of the equation (4.10) and (4.11), i.e. 0.172

showing that for the same value of signal ratio, defects located at the weld toe will



always be deeper by 0.172 mm than defects in the base metal. In other words, for the
same estimated depth, the ACFM signals obtained from the defects located in the base
metal are stronger than those associated with defects in the weld toe, resulting in a
greater signal ratio.

Plot of Signal Ratio against Actual Defect Depth and the intercept Dummy Variable
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Figure 5.2. Regression plot of signal ratio against actual depth and the intercept
dummy variable.
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Table 5.3 shows the actual and estimated depth of defects located at the weld toe

and the base metal of the 3.8 mm wall thickness pipe.

Table 5.3. Actual and estimated depth of the defects at the weld toe and the base metal
of 3.8 mm wall thickness.

Defects Location | Actual Depth (mm) | Estimeted Depth | Difference

10 N/A NiA

1.5 142 5.60

20 21 498

Weld Toe 25 235 596
30 238 388

35 370 558

Average 520

1.0 151 51.09

LS 1.35 973

20 1.85 7.36

BaseMetal 25 231 752
30 287 448

35 353 0.89

Average 13.51

Regression analysis of the interaction between signal ratio and the actual depth of
defects located in both locations (i.e. base metal and weld toe) yielded equations (4.13)
and (4.14). These equations are depicted in Figure 5.3. In Figure 5.3, the slope of the

base metal line is slightly higher by an amount equal to the coefficient of the slope



dummy variable, ie. 0.0503. The difference in slopes reveals that decreases in

defect depth due t in the signal ratio for defects located in the base

metal are more significant than for defects located at the weld toe.

Plot of Signal Ratio against Actual Defect Depth and the Slope Dummy Variable

Detect Dupih (mm)

Log. Signal Ratio

Figure 5.3. Regression plot of signal ratio against actual defect depth and the slope
dummy variable.
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Regression analysis of the B, defect length against the actual defect length for
defects located at the weld toe and the base metal of the 3.8 mm wall thickness pipe
yielded equation (4.18):

y=335+02x,+03% x;+849x;
where: y = estimated length (mm]
X = dummy variable; 0 for weld toe, and 1 for base metal
x> =B, length [mm]

x5 =UT.

Based on the equation 4.18, the estimated length of defects located at the weld toe, for
the same values of signal ratio and UT, tends to be longer than for defects located in the
base metal. Table 5.4 gives a comparison between the actual, estimated and B, lengths

of defects located in the weld toe and base metal of 3.8 mm wall thickness pipe.

Table 5.4. Actual, By, and estimated lengths of the defects at the weld toe and the base
metal of 3.8 mm wall thickness pipe.

Defects | Actual | B, |Estimated | Difference (%) | Difference (%)
Location | Length | Length | Length | (Est.to Actual) | (B, to Actual)
44 N/A N/A N/A N/A
45 204 44.89 0.25 54.67
46 206 46.16 034 55.22
Weld Toe 47 208 47.34 0.72 55.74
49 212 48.60 0.81 56.73
50 218 | 4994 0.11 56.40
Average 0.45 55.75




Table 5.4. Actual, B, and estimated lengths of the defects at the weld toe and the base
metal of 3.8 mm wall thickness pipe (continued).

Actusl | B, |Estimated| Difference(%) | Difference (%)
Location | Length | Length | Length | (Est.to Actusl) | (B;to Actual)
44 196 | 4367 0.75 55.45
s 204 | 4509 020 54.67
6 206 | 4636 078 55.22
o 214 | 4178 046 55.42
49 218 | 4904 008 55.51
50 214 | 4999 003 57.20
Average 038 55.58

In Table 5.2 and 5.4, B, lengths appear to be considerably shorter than actual
length. The difference between the two lengths is more than 50%, which is quite
significant. This can be explained as follows:

When a uniform alternating current field approaches a defect on the surface of the
material, the field will take the path of least resistance; thus some (but not all) of the
current will be diverted around the ends of the defect, resulting in a concentration of
current that causes positive and negative peaks to appear in the B, signal. In the case of
backwall defect, as investigated in this study, when the uniform altemating current field
is introduced into the material, less of the current is diverted around the ends of the
defect. As the concentrations of current are not located around the defect’s ends but

somewhere nearer the defect’s centre, the B, defect length tends to be substantially



shorter than the actual defect length. The depth of penetration of the field (skin depth)

and the geometry of the defect thereby influence the location of the B, peaks.



Ch. 6

CONCLUSIONS AND
RECCOMMENDATIONS

The ACFM technique, which is readily available in the offshore industry, is
capable of detecting backwall defects in 6-Mo austenitic stainless steel piping systems.
A micro-pencil probe was used to conduct this study because it is manufactured with
small pick-up coils to provide better sensitivity to shallow defects. Since the pick-up
coils in the micro-pencil probe are not coincident, the butterfly plot becomes slightly
distorted. However, this does not affect the interpretation of the signals or defect sizing

accuracy.



The ability of ACFM to detect and characterise back wall defects in austenitic
stainless steel piping systems is an attractive feature which can eliminate the use of

costly inati i such as radiography to locate the exact defect location

and ultrasonic testing to predict defect depth. Furthermore, for pipes having small wall
thickness (e.g. 3 - 4 mm), conventional ultrasonic testing that has no additional shoe in
its probe will not work and ACFM is the only technique can be used to detect and size

the defects accurately.

The test setup used in this study provided a series of data that was used to develop
models for predicting defect depth and length based on actual depth and length. The
test setup, however, provided insufficient data to develop models for accurate defect
sizing. Accordingly, more data should be provided in future work to improve the
reliability of sizing predictions.

The defect depth- to-wall thickness ratio (VT) is a significant factor which should
be considered in future experiments, since its value affects the strength of the ACFM
signals. The UT value is quite significant in predicting defect length based on the B,
length, since greater UT values result in stronger signals and smaller UT values result in

weaker signals.

The threshold depth of detection for defects located in the base metal of 3.8 mm
thick 6-Mo pipe is | mm, while the threshold depth of defects located at the weld toe of
the same pipe is 1.5 mm. Using the VT values obtained from the threshold depths for the
base metal and the weld toe of the 3.8 mm thick pipe, threshold depths for defects

located in the base metal and the weld toe of the 3.4 mm thick pipe could be estimated.



The calculations resulted in a threshold depth of t equal to 0.88 mm for defects located
in the base metal and t equal to 1.33 mm for defects located at the weld toe of 3.4 mm

thick pipe.

Regression analysis of the signal ratio against the actual defect depth produced the
following results:
Estimated Depth = 6.25 + 1.16 Log. Signal Ratio, for 3.4 mm pipe wall thickness;

Estimated Depth = 6.1 + 0.966 Log. Signal Ratio, for 3.8 mm pipe wall thickness.

Regression analysis of the B, length against the actual defect length gave the
following results:
Estimated Length = 22.3 - 1.01 dummy + 0.638 B, Crack Length + 14.8 (UT);

Dummy variable is coded 0 for 3.4 mm pipe thickness and | for 3.8 mm pipe thickness.

Regression analysis of the actual defect depth against the signal ratio for defects
located at the weld toe and the base metal of 3.8 mm pipe thick pipes resulted in:
Estimated defect depth = 6.35 + 1.04 Log. Signal Ratio, for defects at the weld toe;

Estimated defect depth = 6.178 + 1.04 Log. Signal Ratio, for defects in the base metal.
Regression analysis of the B, length against the actual length for defects located at

the weld toe and in the base metal of 3.8 mm pipe thickness resulted in:

Estimated Length = 33.5 + 0.2 dummy + 0.396 B, Length + 8.49 (VT);

Dummy variable is coded 0 for defect at weld toe and 1 for defect in base metal.

Variations in material properties (e.g. magnetic permeability) caused by welding

do not appear to affect the model predictions significantly. Although the influence of



the heat-affected zone on the ACFM model predictions is remarkably low, care must be
exercised when welding austenitic stainless steels. Incorrect welding procedures can
reduce the corrosion resistance of 6-Mo material and lead to localised corrosion attack

at welded joints.

As these experiments were conducted using only two different pipe thicknesses,
the results are valid only for the two thicknesses. Also, if the proposed models are used

in practice, the actual length of defects investigated should be close to the range of

defects ined in the i ingly, it is that
experiments be carried out using more variation in the range of defect length. Also, it is

that additi i be using pipe thickness other than

34 mm and 3.8 mm, to obtain more versatile models for defect characterisation.
However, inaccuracy in using the equations derived from this study may arise in
practice due to some factors such as personnel who carry out the inspection and defect

geometry.
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Appendix A

ACFM Scans for the Defects
Located in the Inner Surface of the Base
Metal of 3.4 mm Pipe Wall Thickness



Table A.1. Scanning data from file D10T34.wdf

Pipe wall thickness

Minimum B, reading

Defect depth

Actual length :35 mm

Background B, reading 1 1672

Pipe wall thickness

B, length : 14 mm

:3.4 mm Minimum B, reading 11678
Defect depth : 1.0 mm Actual length :35 mm
Background B, reading : 1696 B, length : 15 mm
Pipe wall thickness :3.4mm Minimum B, reading 11707
Defect depth : 1.0 mm Actual length 135 mm

Background B, reading

Pipe wall thickness

B, length

:3.4 mm Minimum B, reading : 1700
Defect depth : 1.0 mm Actual length :35 mm
Background By reading 1713 B, length : 15 mm

Pipe wall thickness Minimum By reading
Defect depth : 1.0 mm Actual length :35 mm
Background B, reading 11691 B, ength :15mm
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D10T34.wdf — Scanning ITI

D10T34.wdf - Scanning IV
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Table A.2. Scanning data from file D15T34.wdf

Pipe wall thickness

:34mm

Minimum B, reading

11673

Defect depth

: 1.5 mm

Actual length

:42 mm

Background By reading

Pipe wall thickness

:34mm

Minimum B reading

1 1672

Defect depth

: 1.5 mm

Actual length

142 mm

Background By reading

Pipe wall thickness

: 1694

B, length

121 mm

Minimum B reading : 1674
Defect depth : 1.5 mm Actual length :42 mm
Background B, reading 11694 B, length :22 mm
Pipe wall thickness :34mm Minimum By reading : 1675
Defect depth : 1.5 mm Actual length 142 mm
Background B, reading : 1699 B, length : 19 mm
Pipe wall thickness :3.4mm Minimum B, reading : 1679
Defect depth : 1.5 mm Actual length 142 mm
Background B, reading 11699 B, Crack Length : 19 mm
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D15T34.wdf — Scanning Il
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Table A.3. Scanning data from file D20T34.wdf

Pipe wall thickness

Minimum B, reading 11652

Pipe wall thickness

:3.4mm
Defect depth :2.0mm Actual length 146 mm
Background By reading B, length

:3.4 mm Minimum By reading : 1657
Defect depth :2.0 mm Actual length :46 mm
Background B, reading B, length

Minimum B, reading 1 1645

Pipe wall thickness :3.4mm
Defect depth :2.0 mm Actual length 146 mm
Background B, reading

: 1684

B, length

Minimum B, reading 11651

Pipe wall thickness

Defect depth :2.0 mm Actual length :46 mm
Background B, reading : 1686 B, Crack Length

:3.4mm

Minimum By reading

Defect depth :2.0 mm Actual length 146 mm
Background B, reading : 1685 B, length : 24 mm
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D20T34.wdf — Scanning I

D20T34.wdf — Scanning 11
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D20T34.wdf — Scanning III

D20T34.wdf - Scanning IV
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Table A 4. Scanning data from file D25T34.wdf

Minimum B, reading

Pipe wall thickness

Defect depth Actual length : 47 mm
Background By reading 11658 B, length 122 mm
Pipe wall thickness :3.4 mm Minimum B, reading 1 1618
Defect depth :2.5mm Actual length :47 mm
Background B, reading 11670 B, length :20 mm
Pipe wall thickness :34mm Minimum B, reading : 1635
Defect depth :2.5mm Actual length :47 mm
Background B, reading 1684 B, length 23 mm

Pipe wall thickness :3.4 mm Minimum B, reading : 1636
Defect depth :2.5mm Actual length :47 mm
Background B, reading : 1686 B, length 123 mm
Pipe wall thickness :3.4 mm Minimum B, reading 11637
Defect depth :2.5mm Actual length :47 mm
Background B, reading : 1688 B, length :22mm
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D25T34.wdf - Scanning I11
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D25T34.wdf — Scanning V




Table A.5. Scanning data from file D28T34.wdf

Pipe wall thickness Minimum B, reading

Defect depth :2.8 mm Actual length 148 mm
Background By reading 11673 B, length 122 mm

Pipe wall thickness Minimum B, reading

Defect depth :2.8 mm Actual length :48 mm
Background B, reading : 1669 B, length :22mm
Pipe wall thickness :3.4 mm Minimum B, reading 11602
Defect depth :2.8 mm Actual length 148 mm
Background By reading : 1669 B, length :22 mm
Pipe wall thickness :3.4mm Minimum B; reading : 1608
Defect depth :2.8 mm Actual length :48 mm

Background B, reading : 1675 B, length :23 mm

Pipe wall thickness :3.4 mm Minimum B, reading : 1603

Defect depth :2.8 mm Actual length 148 mm

Background B, reading 11674 B, length :22 mm
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D28T34.wdf - Scanning ITI
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D28T34.wdf - Scanning V
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Table A.6. Scanning data from file D30T34.wdf

Pipe wall thickness Minimum B, reading

Defect depth Actual length :51 mm

Background B, reading : 1700 B, Crack Length : 24 mm

Pipe wall thickness Minimum B, reading 11616
Defect depth :3.0 mm Actual length :51 mm
Background B, reading 1 1695 B, Crack Length :20 mm
Pipe wall thickness :3.4 mm Minimum l;, reading : 1604
Defect depth :3.0mm Actual length 151 mm
Background B, reading 1690 B, Crack Length

Pipe wall thickness :3.4mm Minimum B, reading 11615

Defect depth :3.0mm Actual length :51 mm

B, length :21 mm

Background B, reading

Pipe wall thickness

Minimum B reading

Defect depth Actual length :51 mm

Background B, reading : 1692 B, length :21 mm
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D30T34.wdf — Scanning V
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Table A.7. Summary table of scanning data from file D10T34.wdf

Signal Ratio
1.0 0.01076555 35 14
1.0 0.010613208 35 15
L0 0.006402794 35 15
1.0 0.00990099 35 15
1.0 0.010638298 35 15

Signal Ratio

L5 0.014723204 42 18
1.5 0.012987013 42 21
L5 0.011806375 42 22
L5 0.015285126 42 19

0.01177163

b

Ao
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Table A.9. Summary table of scanning data from file D20T34.wdf

Actual Depth Signal Ratio Actual Length B, Length
20 0.023640662 46 24
20 0.021841795 46 24
20 0.023159145 46 23
20 0.021339656 46 24
20 0.021945433 46 24

Actual Depth Signal Ratio Actual Length B, Length
25 0.031363088 47 22
25 0.031137725 47 20
25 0.029097387 47 23
25 0.029655991 47 23
25 0.03021327 22




Table A.11. Summary table of scanning data from file D28T34.wdf

Actual Depth Signal Ratio Actual Length
28 0.041841004 48 22
28 0.04074296 48 2
28 0.040143799 48 22
2.8 0.04 48 23
28 0.042413381 48 22
A oodomns | :

Table A.12. Summary table of scanning data from file D30T34.wdf

Actual Depth Signal Ratio Actual Length B, Length
30 005 51 24
30 0.046044864 51 20
30 0.049199763 51 22
3.0 0.045508274 51 21
0.046745562
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Appendix B

ACFM Scans for the Defects
Located in the Inner Surface of the Base

Metal of 3.8 mm Pipe Wall Thickness



Table B.1. Scanning data from file D10T38.wdf

Minimum B, reading

Pipe wall thickness
Defect depth : 1L.Omm Actual length 136 mm

Background B, reading B, length

Pipe wall thickness Minimum By reading : 1699

Defect depth K Actual length 136 mm

Background B, reading : 1714 B, length : 14 mm

Pipe wall thickness :3.8 mm Minimum B reading w1715

Defect depth :1.0mm Actual length :36 mm
Background B, reading : 1729 B, length : 17 mm

Pipe wall thickness :3.8mm Minimum By reading 11704

Defect depth : 1.0 mm Actual length :36 mm
Background B, reading : 1719 B, length : 17 mm
Pipe wall thickness :3.8mm Minimum By reading #1711

Defect depth : 1L.Omm Actual length :36 mm

Background B, reading 11721 B, length : 16 mm
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D10T38.wdf — Scanning III
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Pipe wall thickness

Table B.2. Scanning data from file 2D15T38.wdf

Minimum By reading

Defect depth

Actual length

Background B, reading

B, length

Pipe wall thickness

Pipe wall thickness Minimum By reading : 1676
Defect depth Actual length :38 mm
Background B, reading 1689

B, length : 16 mm

Background B, reading

Minimum By reading 1720
Defect depth 1.5 mm Actual length :38 mm
1733 B, length :16 mm

Pipe wall thickness :3.8 mm Minimum By reading 11675
Defect depth : 1.5 mm Actual length :38 mm
Background B, reading : 1686 B, length : 17 mm

Pipe wall thickness :3.8mm Minimum B, reading : 1698
Defect depth : 1.5 mm Actual length :38 mm
Background B, reading : 1711 B, length : 18 mm
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Table B.3. Scanning data from file D20T38.wdf

Pipe wall thickness :3.8mm Minimum B, reading : 1700

Defect depth :2.0 mm Actual length :41 mm
17 mm

Background B, reading 1721 B, length

Pipe wall thickness :3.8 mm Minimum B reading 11649
Defect depth :2.0 mm Actual length :41 mm

Background B, reading 11671 B, length 118 mm

Pipe wall thickness :3.8 mm Minimum By reading 1 1691
Defect depth
Background B, reading

Actual length 241 mm
B, length

Pipe wall thickness

Defect depth :2.0 mm :4]1 mm

Background B, reading

Pipe wall thickness Minimum By reading

Defect depth Actual length 141 mm

Background B, reading + 1735 B, length : 18 mm
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D20T38.wdf - Scanning |

D20T38.wdf ~ Scanning II

[] -
Crdk dep
Crack Lew

152



D20T38.wdf ~ Scanning ITI
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Table B.4. Scanning data from file 2D25T38.wdf

Pipe wall thickness Minimum B, reading : 1680
Defect depth Actual length 143 mm
B, length : 17 mm

Background B, reading

Pipe wall thickness

:3.8 mm Minimum B, reading 11663
Defect depth :2.5mm Actual length 143 mm
Background B, reading : 1706 B, length : 18 mm

Pipe wall thickness :3.8mm Minimum By reading
Defect depth :2.5mm Actual length
Background B, reading : 1709 B, length 17 mm

Pipe wall thickness :3.8mm Minimum B, Reading 11674
Defect depth :2.5mm Actual length 143 mm
Background B, Reading $ 1711 B, length :20 mm
Pipe wall thickness :3.8 mm Minimum B, reading 1 1683
Defect depth :2.5mm Actual length 143 mm
Background B, reading : 1718 B, length :19 mm
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2D25T38.wdf — Scanning I

2D25T38.wdf - Scanning IT
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2D25T38.wdf — Scanning 111

2D25T38.wdf - Scanning IV
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2D25T38.wdf - Scanning V
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Table B.5. Scanning data from file name D30T38.wdf

Pipe wall thickness :3.8 mm Minimum B, reading 11674

Defect depth :3.0mm Actual length :45 mm

B, length

Background B, reading

Pipe wall thickness :3.8 mm Minimum B, reading 2 1665

Defect depth :3.0 mm Actual length 145 mm
Background By reading 21719 B, length

Pipe wall thickness 53] Minimum By reading : 1700

Defect depth :3.0mm Actual length :45 mm
Background B, reading 11761 B, length :21 mm

Pipe wall thickness :3.8 mm Minimum B reading 11665

Defect depth :3.0mm Actual length 145 mm
Background B, reading 11721 B, length 220 mm
Pipe wall thickness :3.8 mm Minimum B, reading : 1668

Defect depth :3.0mm Actual length 145 mm
Background B, reading + 1722 B, length :21 mm
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Table B.6. Scanning data from file D35T38.wdf

Pipe wall thickness :3.8 mm Minimum B, reading 11592
Defect depth :3.5mm Actual length 148 mm
Background B, reading 11727 B, length :22mm
Pipe wall thickness :3.8mm Minimum B; reading 11578
Defect depth :3.5mm Actual length 48 mm
Background B, reading 1 1720 B, length 22 mm

Background B, reading

Pipe wall thickness

:1725

B, length

Pipe wall thickness :3.8 mm Minimum B, reading 1 1585
Defect depth :3.5mm Actual length 148 mm
:20 mm

Minimum By reading 1581
Defect depth Actual length 48 mm
Background B, reading :1725 B, length 20 mm
Pipe wall thickness :3.8mm Minimum B, reading : 1577
Defect depth :3.5mm Actual length :48 mm
Background B, reading :1723 B, length :22mm
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Table B.7. Summary table of scanning data from file D10T38.wdf

=

Actual Depth

Signal Ratio Actual Length B, Length
1.0 0.005824112 36 17
Lo 0.008751459 36 14
10 0.008097166 36 17
10 0.008726003 36 17
0.005810575 36 16

Table B.8. Summary table of scanning data from file 2D15T38.wdf

Actual Depth Signal Ratio
15 0.007593458 38 17
Ls 0.007696862 38 16
L5 0.007501443 38 16
s 0.006524318 38 17
0.007597896 38 18

e
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Table B.9. Summary table of scanning data from file D20T38.wdf

==

Actual Depth Signal Ratio Actual Length
20 0.012202208 41 17
20 0.013165769 41 18
20 0.012266355 41 16
20 0.012933568 41 19
20 0.013256484 41 18

Actual Depth Signal Ratio Actual Length B, Length
25 0.021549214 43 17
25 0.025205158 43 18
25 0.024575775 43 17
25 0.021624781 43 20
25 0.020372526 43 19




Table B.11. Summary table of scanning data from file D30T38.wdf

Actual Depth Signal Ratio Actual Length B, Length
3.0 0.032928943 45 22
30 0.031413613 45 18
30 0.034639409 45 21
30 0.032539221 45 20
30 0.031358885 45 21

SWMTAMIM'

35 0.078170237 48 2
35 0.08255814 48 22
35 0.08115942 48 20
35 0.083478261 48 20

0.084735926




Appendix C

ACFM Scans for the Defects Located
in the Inner Surface of
the Heat -affected zone of
3.8 mm Pipe Wall Thickness



Table C.1. Scanning data from file W10T38.wdf

Pipe wall thickness q Minimum B, Reading i-
Defect depth : 1.0mm Actual length :44 mm
Background By reading - B, length -

Pipe wall thickness Minimum B, Reading frm
Defect depth Actual length : 44 mm
Background B, reading - B, length i-
Pipe wall thickness :3.8mm Minimum B, Reading -
Defect depth : 1.0 mm Actual length :44 mm
Background B, reading - B, length L
Pipe wall thickness :3.8 mm Minimum B, Reading i-
Defect depth : 1.0 mm Actual length 144 mm

Background B, reading e B, length &=

Pipe wall thickness :3.8 mm Minimum B, Reading -

Defect depth : 1.0 mm Actual length : 44 mm
Background B, reading i- B, length -
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‘W10T38.wdf - Scanning V
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Table C.2. Scanning data from file W15T38.wdf

Minimum By reading

Pipe wall thickness 11725
Defect depth 1.5 mm Actual length 145 mm
Background By reading 1742 B, length 120 mm

Pipe wall thickness

Minimum B reading

Defect depth Actual length 145 mm
Background B, reading 1745 B, length 220 mm
Pipe wall thickness :3.8 mm Minimum B, reading 11734

Defect depth : 1.5 mm Actual length 145 mm
Background B, reading 31752 B, length : 20 mm

Pipe wall thickness

:3.8mm

Minimum B, reading

11731

Defect depth

:L.5mm

Actual length

:45 mm

Background B, reading

B, length

Pipe wall thickness :3.8 mm Minimum By reading 11735
Defect depth : 1.5 mm Actual length 145 mm
Background B, reading : 1750 B, length :21 mm
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W1ST38.wdf - Scanning V
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Table C.3. Scanning data from file W20T38.wdf

Pipe wall thickness

Minimum B, reading : 1709

Defect depth

Actual length

Background By reading

:3.8 mm

B, length

Minimum B, reading $1711

Background B, reading

Pipe wall thickness

11738

Pipe wall thickness

Defect depth :2.0 mm Actual length 146 mm

Background B, reading 21739 B, length 20 mm

Pipe wall thickness :3.8 mm Minimum B, reading 11708

Defect depth :2.0 mm Actual length : 46 mm
:20 mm

B, length

Minimum B, reading

Defect depth

:20 mm

Actual length

Background By reading

B, length

Pipe wall thickness :3.8 mm Minimum By reading 11712
Defect depth :2.0mm Actual length 146 mm
Background B, reading : 1741 B, length :21 mm
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Table C.4. Scanning data from file W25T38.wdf

:3.8 mm

Pipe wall thickness Minimum By reading : 1699
Defect depth :2.5mm Actual length :47 mm
Background B, reading :1734 B, length :21 mm
Pipe wall thickness :3.8 mm Minimum By reading 11705
Defect depth :2.5mm Actual length 147 mm

Background B, reading

B, length

Pipe wall thickness :3.8 mm Minimum B, reading 11708
Defect depth :2.5mm Actual length :47 mm
Background B, reading 1751 B, length :20 mm

Pipe wall thickness Minimum B, reading 11698
Defect depth Actual length 147 mm
Background B, reading 1731 B, length :22 mm
Pipe wall thickness :3.8 mm Minimum By Reading 11699
Defect depth :2.5mm Actual length :47 mm
Background B, Reading =¥7135 B, length :21 mm
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Table C.5. Scanning data from file W30T38.wdf

Minimum B, reading

Background B, reading

Pipe wall thickness

Pipe wall thickness :3.8 mm : 1669
Defect depth :3.0 mm Actual length :49 mm
11732 B, length 121 mm

Minimum By reading

Pipe wall thickness

3.8 mm : 1664
Defect depth 3.0 mm Actual length
Background B, reading 1728 B, Crack Length

Background B, reading

Pipe wall thickness

Minimum B, reading 11672
Defect depth 3.0 mm Actual length 149 mm
1732 :21 mm

B, length

Minimum B, reading

Defect depth

Actual length

:49 mm

Pipe wall thickness

Background B, reading

B, length

1 1677

:3.8 mm Minimum By reading
Defect depth :3.0 mm Actual length 149 mm
Background B, reading 11736 B, length 120 mm
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Table C.6. Scanning data from file W35T38.wdf

Pipe wall thickness :3.8mm Minimum B, reading

Defect depth :3.5mm Actual length

Background By reading H B, length

Pipe wall thickness :3.8 mm Minimum B, reading

Defect depth :3.5mm Actual length 50 mm
Background B, reading 22 mm

1726 B, length

Pipe wall thickness :3.8 mm Minimum By reading

11591
Defect depth :3.5mm Actual length 150 mm
123 mm

Pipe wall thickness

Background By reading : 1725 B, length

Minimum By reading

Defect depth Actual length 50 mm
B, length

Background B, reading

Pipe wall thickness

Minimum B, reading

Defect depth :3.5mm Actual length : 50 mm
Background B, reading : 1724 B, length :22 mm
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Table C.7. Summary table of scanning data from file W1ST38.wdf

=

Actual Depth Signal Ratio Actual Length
L5 0.009758898 45 20
L5 0.007449857 45 20
L5 0.007454128 45 20
L5 0.010273973 45 21
LS 0.008571429 45 21

Signal Ratio

20 0.017251294 46 21
20 0.016101208 46 20
20 0.01726122 46 20
20 0.016676251 46 21
20 0.016657094 46 21
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Table C.9. Summary table of scanning data from file W25T38.wdf

Actual Depth

Signal Ratio Actual Length
25 0.020184544 47 21
25 0.022362385 47 20
25 0.024557396 47 20
25 0.019064125 47 2
25 0.02074928 47 21

Table C.10. Summary table of scanning data from file W30T38.wdf

Actual Depth Signal Ratio Actual Length
3.0 0.036374134 49 21
30 0.037037037 49 21
3.0 0.034642032 49 21
30 0.036395147 49 21
30 0.033986175 49 20




Table C.11. Summary table of scanning data from file W35T38.wdf

Actual Depth Signal Ratio
35 0.082802548
35 0.073580533
35 0.077681159
35 0.080486393

0.074825986




Appendix D

ACFM Scans for the Defects Located
in the Inner Surface of the Base Metal of
3.8 mm Pipe Wall Thickness



Table D.1. Scanning data from file D10T38.wdf

Pipe wall thickness Minimum By reading
Defect depth

Background B, reading

Actual length :44 mm
B, length

Pipe wall thickness :3.8 mm Minimum By reading 11721

Defect depth : 1.0 mm Actual length

Background By reading B, length

Pipe wall thickness :3.8 mm Minimum By reading

Defect depth : 1.0 mm Actual length :44 mm

Background By reading : 1740 B, length

Pipe wall thickness :3.8mm Minimum By reading

Defect depth : 1.0 mm Actual length

Background By reading 11741 B, length

Pipe wall thickness :3.8 mm Minimum By reading 11725

Defect depth : 1.0 mm Actual length 144 mm
Background By reading 11742 B, length :38 mm
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D10T38.wdf - Scanning V




Table D.2. Scanning data from file D15T38.wdf

Pipe wall thickness :3.8 mm Minimum B reading :1720
Defect depth :L.5mm Actual length 145 mm
Background B, reading 21735 B, length 221 mm
Pipe wall thickness :3.8mm Minimum B, reading 24711
Defect depth : 1.5 mm Actual length 145 mm
Background B, reading : 1728 B, length 121 mm
Pipe wall thickness :3.8 mm Minimum By reading : 1720
Defect depth : 1.5 mm Actual length :45mm
Background B, reading : 1736 B, length 22 mm
Pipe wall thickness :3.8mm Minimum B, reading : 1715
Defect depth : 1.5 mm Actual length :45 mm
Background B, reading 11733 B, length

Pipe wall thickness :3.8 mm imum B, Reading 317135
Defect depth : 1.5 mm Actual length 145 mm
Background By Reading 1 1750 B, length : 18 mm
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D15T38.wdf — Scanning III

D15T38.wdf - Scanning IV




DI1ST38.wdf - Scanning V




Table D.3. Scanning data from file D20T38.wdf

Pipe wall thickness :3.8 mm

Pipe wall thickness :3.8 mm Minimum B, reading 11704
Defect depth :2.0 mm Actual length 46 mm
Background B, reading 11731 B, length 120 mm
Pipe wall thickness :3.8 mm Minimum B, reading 1 1695
Defect depth :20mm Actual length 46 mm
Background B, reading 11723 B, length : 19 mm
Pipe wall thickness :3.8 mm Minimum By Reading 11703
Defect depth :2.0 mm Actual length 146 mm
Background B, Reading 11730 B, length :21 mm

Minimum B, reading 11703
Defect depth :2.0mm Actual length :46 mm
Background B, reading : 1730 B, length :21 mm

Pipe wall thickness :3.8 mm Minimum By reading 1 1700
Defect depth :2.0 mm Actual length 146 mm
Background B, reading 11726 B, length :22 mm




D20T38.wdf - Scanning I

Crack degth - 02
Crack Lengh = 232
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D20T38.wdf — Scanning V
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Table D.4. Scanning data from file D25T38.wdf

Pipe wall thickness :3.8mm Minimum B, reading 1 1694
Defect depth :2.5mm Actual length 148 mm
Background By reading 11734 B, length 122 mm
Pipe wall thickness :3.8 mm Minimum B, reading : 1699
Defect depth :2.5mm Actual length 148 mm
Background B, reading 11744 B, length :23 mm
Pipe wall thickness :3.8 mm Minimum B reading 11693
Defect depth :2.5mm Actual length 148 mm
Background B, reading : 1734 B, length 121 mm
Pipe wall thickness :3.8 mm Minimum B, reading : 1695
Defect depth :2.5mm Actual length :48 mm
Background B, reading +1737 B, length 121 mm
Pipe wall thickness :3.8 mm Minimum B, Reading : 1692
Defect depth :2.5mm Actual length : 48 mm
Background B, Reading 11734 B, length :20 mm
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Table D.5. Scanning data from file D30T38.wdf

Pipe wall thickness

Background B reading 1 1705

3.8 mm Minimum By reading 11635
Defect depth 3.0 mm Actual length 49 mm
B, length : 24 mm

Pipe wall thickness Minimum By reading : 1680
Defect depth 3.0 mm Actual length 149 mm
Background B, reading 11751 B, length 20 mm

Background B, reading 1 1738

Pipe wall thickness 3.8 mm Minimum By reading 1660
Defect depth 3.0 mm Actual length 49 mm
B, length 22 mm

Pipe wall thickness :3.8 mm Minimum By reading 1665
Defect depth :3.0 mm Actual length 49 mm
Background B, reading #1733 B, length 22 mm

Pipe wall thickness 3.8 mm Minimum By reading 1 1683
Defect depth 3.0 mm Actual length : 49 mm
Background By reading 1 1758 B, length : 21 mm
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D30T38.wdf ~ Scanning I
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D30T38.wdf — Scanning III

217



D30T38.wdf - Scanning V
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Table D.6. Scanning data from file D35T38.wdf

Pipe wall thickness :3.8 mm Minimum By reading 1 1589

Defect depth :3.5mm Actual length :50 mm

Background By reading 11723 B, length 122 mm

Pipe wall thickness :3.8 mm Minimum By reading : 1588

Defect depth :3.5 mm Actual length : 50 mm

Background By reading 11720 B, length :20 mm
- _

Pipe wall thickness :3.8 mm Minimum By reading 11588

Defect depth :3.5mm Actual length 150 mm
Background By reading 11724 B, length 121 mm

Pipe wall thickness :3.8 mm Minimum By reading 11594
Defect depth :3.5mm Actual length 150 mm

Background By reading 11734 B, length 122 mm

Pipe wall thickness Minimum By reading

Defect depth :3.5mm Actual length :50 mm
Background B, reading 11726 B, length 122 mm

219



D35T38.wdf - Scanning I

D35T38.wdf ~ Scanning II
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Table D.7. Summary table of scanning data from file D10T38.wdf

Actual Depth Signal Ratio Actual Length B, Length
10 0.009781358 44 18
L0 0.009781358 a4 21
10 0.007471264 a4 18
10 0.009764503 44 21
10 0.009758898 4 20
=
e

Table D.8. Summary table of scanning data from file D15T38.wdf

Actual Depth Signal Ratio Actual Length B, Length
L5 0.008645533 45 21
15 0.009837963 45 21
L5 0.00921659 45 22
L5 0.010386613 45 20
L5 0.009158558 45 18




Table D.9. Summary table of scanning data from file D20T38.wdf

Actual Depth Signal Ratio Actual Length B; Length
20 0.01559792 46 20
20 0.016250725 46 19
20 0.015606936 46 21
20 0.015606936 46 21
46

Actual Depth |  Signal Ratio Actual Length B, Length

25 0.023068051 48 2
25 0.025802752
25 0.023644752
25 0.02417962

0.024221453
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Table D.11. Summary table of scanning data from file D30T38.wdf

Actual Depth | Signal Ratio Actual Length B, Length
3.0 0.041055718 49 24
3.0 0.040548258 49 20
30 0.044879171 49 22
30 0.039238315 49 2
30 0.042662116 49 21

Table D.12. Summary table of scanning data from file D35T38.wdf

Actual Depth Signal Ratio Actual Length B, Length
35 0.077771329 50 22
35 0.076744186 50 20
35 0.078886311 50 21
35 0.080738178 50 22
35 0.077636153 50 22
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