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Abstract

Magnetic Nondestructive methods, including Magnetic Flux Leakage (MFL) and
Magnetic Barkhausen Noise (MBN), are widely used to evaluate the structural
integrity, mechanical properties, and microstructures of ferromagnetic materials. The
MFL method is commonly applied to nondestructively evaluate the damage in
ferromagnetic materials due to its reliability, high efficiency, and cost-saving. The
MBN method is applicable in nondestructive evaluation (NDE) of mechanical and
material properties due to the high sensitivity of Barkhausen jumps to residual (or
applied) stress and microstructure of ferromagnetic material. The recognized research
and successful applications helped these methods to be feasible NDE tools. However,
there are still several important factors that may have noticeable influences on the

experimental results of these NDE methods and usually are ignored in applications.

In this thesis, the effects of the factors of stress and temperature on the MFL method,
as well as the influences of temperature and microstructure on the MBN method are

analysed via analytical and numerical modelling.

A new finite element model for evaluating the effect of stress on the MFL amplitude
is proposed and validated in defective steel under various stresses. Moreover, the new
models describing the direct effect of temperature and the combined effects of
temperature and thermal stress on the MFL signals are presented. The direct and
combined effects are verified in an environmental temperature range from -40°C to
60°C by experimental results of a single lamination steel and multilayer structure,

respectively.

A set of newly derived equations modelling the effect of temperature on the MBN
signals are given. Both the direct effect of temperature and the combined effects of
temperature and thermal stress are considered in these equations, which are further
simplified to linear functions consistent with the measured results in an environmental
temperature range from -40°C to 40°C. Furthermore, the microstructure factors,
including the microstructure induced anisotropy in non-oriented silicon steel and the
metallographic phases changing with carbon content in steel, are theoretically and

experimentally investigated, respectively. For the factor of anisotropy, a new model



describing the dependency of Barkhausen emission on the angle between
measurement and rolling directions is proposed. It allows the deduction of a
trigonometric function to evaluate the effect of directional anisotropy. The agreement
of simulated and measured results of MBN signals indicates the feasibility of the
presented model. In the investigation of the influence of carbon content in steel on
MBN signals, an optimisation method for MBN pick-up coil is proposed, and a
multifunctional measurement system is presented. The correlations of the MBN
signals and hysteresis loops related to the carbon content in steel are experimentally
observed. The method for the quantitative evaluation of the carbon content using MBN

signals and hysteresis loops are discussed.
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Chapter 1

Introduction

This chapter provides the outline of the thesis, the aims and the contribution of the

investigation.

1.1 Research Background

Ferromagnetic materials have been used in a wide range of industrial applications
and modern technologies. The development of material science gives ferromagnetic
materials a significant role in load-bearing structures and implementing special
functions, such as the seamless track used in high-speed railway, the silicon steel
employed in transformer, the thick-walled seamless steel pipes used in ultra-
supercritical thermal power generator and the main-shaft bearing of a wind-driven
generator. The evaluation of mechanical properties and health status of these
ferromagnetic structures is vital to ensure the safe and reliable operation of the crucial

equipment.

There are several commonly used magnetic NDE techniques that are well-suited for
evaluating the integrity and mechanical properties of ferromagnetic materials,
including Magnetic Flux Leakage (MFL) and Magnetic Barkhausen Noise (MBN).
However, using these NDE techniques to evaluate ferromagnetic components
accurately is a great challenge. The ferromagnetic NDE methods usually consider
single factor influence only. For example, MFL method focuses on the effect of defect
and MBN method only consider stress influence during residual stress inspection.
However, those ferromagnetic components generally work in complicated conditions.
Stress and temperature are the most common factors that could have noticeable
influences on the measured results of these NDE methods. Stress can alter the
magnetisation of ferromagnetic material due to the magnetomechanical effect, but also
it will induce stress concentration near a discontinuous geometry. Temperature can

also change the magnetisation due to the magnetothermal effect. It may cause thermal

1



stress, which will further influence the magnetisation of ferromagnetic materials. In
addition, the microstructure of ferromagnetic material is another important factor
influencing the results of NDE techniques. For example, the grains in non-oriented
grain silicon steel are heavily deformed and elongated after rolling, resulting in
magnetocrystalline anisotropy. The amount of carbon in the form of ferrite and pearlite
in steel could alter the mechanical and magnetic properties of the material. These
factors will eventually alter the inspection results of the ferromagnetic NDE
techniques. Therefore, the traditional magnetic NDE methods used for isotropic and
single-factor influential inspection are far from qualified to solve practical engineering

problems.

1.2 Research Aims

This thesis focuses on contributing to two commonly used magnetic NDE methods
affected by multifactor: the factors of stress and temperature affecting the magnetic
flux leakage generated in the vicinity of defects (MFL method); the effects of
temperature and microstructure on the Barkhausen emissions (MBN method).

The research aims to

1) Propose a universal numerical method to simulate the effect of mechanical
stress on the magnetic flux leakage measurement

2) Develop analytical models for evaluation of the effect of temperature on MFL
and MBN signals

3) Develop a theoretical method for determining the dependence of MBN on the
angle between measurement and rolling directions in anisotropic
ferromagnetic material

4) Experimentally investigate the correlation between the amount of carbon in

steels and magnetic NDE methods.

To meet the above purposes, both theoretical and experimental work are carried out,
which involved various magnetic measurements, as well as analytical and numerical

modelling.



1.3 Organisation of the Thesis

This thesis is organised into nine chapters, which cover theoretical and experimental
aspects of the effects of stress, temperature and microstructure on magnetic NDE

methods.

Chapter 2 introduces the fundamental theories of magnetism, ferromagnetic
material and the analytical methods in modelling magnetic hysteresis and magnetic
Barkhausen noise (MBN).

Chapter 3 presents a general review of NDE techniques and a detailed description
of the magnetic NDE methods. Also, it provides insight into industrial motivations for
this research related to the evaluation of integrity and mechanical properties of

ferromagnetic materials.

Chapter 4 describes an analytical model and a finite element model to evaluate the
effect of stress on magnetic flux leakage. The analytical model extends the dipole
model by considering the stress concentration, which leads to a heterogeneous
distribution of magnetisation along the defect surface. The finite element model uses
solid mechanics and magnetic modules to simulate the stress-induced magnetisation
distribution in a defective dog-bone tensile rod. MFL signal induced by the defect
along the sensor scanning line is extracted from the converged solution. Both models
are verified by experiments, and the measured peak-to-peak normalised amplitudes

are consistent with the results predicted by two models.

Chapter 5 proposes an analytical model to investigate the effect of temperature on
magnetic flux leakage. The effect of temperature involves two conditions: the thermal
effect itself and the combined effect of temperature and thermal stress. In the first case,
the proposed model is based on the modified temperature-dependent J-A model. In the
second case, where the combined effects of temperature and thermal stress are
considered, the proposed model further introduces the magnetomechanical J-A model.
The thermal stress distribution around the defect of a cylindrical through-hole is solved
by thermodynamics and solid mechanics theories. The magnetomechanical
mechanism is employed to analyse the stress-dependent magnetisation distribution,
the crucial parameter in the magnetic dipole model. The verified experiments are
conducted on an M250-50A non-oriented (NO) grain silicon steel specimen with a



cylindrical through-hole defect. The MFL signals predicted by both modified models

well agree with the experimental results.

In Chapter 6, a new model relating the MBN amplitude and temperature is
proposed and validated. The effect of temperature on magnetic Barkhausen noise
(MBN) is divided into two types: the direct effect of temperature itself and the indirect
effect of thermally induced stress. The theoretical model is proposed for describing
the effects of temperature on the MBN signal. For the case considering the direct effect
of temperature only, the analytical model allows predicting the effect of temperature
on MBN profile. Based on the model, a simple linear calibration curve is presented to
evaluate the effect of temperature on MBN amplitude quantitatively. For the case
where the indirect effect of thermal stress is taken into account in addition to the direct
effect, the proposed theoretical model allows the deduction of parabolic function for
quantitative evaluation of the combined effects on MBN. The direct only and
combined effects of temperature on MBN have been studied experimentally on M250-
50A NO silicon steel and the adhesive structure of NO steel and ceramic glass,
respectively. The reciprocal of the measured MBN peak amplitude (1/MBNp) in the
first case shows a linear function of temperature, which agrees with the proposed linear
calibration curve. In the experiments considering the combined effects, 1/MBNp
shows parabolic dependence on temperature, which is further simplified as piecewise

functions for practical applications.

In Chapter 7, magnetic anisotropy correlated with the crystallographic structure in
NO silicon steel on the Magnetic Barkhausen Noise (MBN) technique is studied. The
theoretical model is proposed for describing the effect of anisotropy on the MBN
signal. Meanwhile, the effect of excitation frequency is also considered in the model.
The proposed model predicts the amplitude increasing and envelope broadening with
the increase of excitation frequency. Besides, it calculates the decrease in amplitude
and increases the MBN envelope width with the increasing angle between the tested
direction and rolling direction (RD). The analytical model allows the deduction of a
trigonometric function for quantitative evaluation of the anisotropic effect on MBN.
The effect of anisotropy on MBN has been investigated experimentally on M330-35A
NO electrical steel under excitation frequencies of 50 Hz and 100 Hz, respectively.

Under both excitation frequencies, the measured MBN peak amplitudes (MBNp) show



cosine dependences on the angle, which approach the proposed trigonometric

calibration curves.

Chapter 8 proposes a method for optimising the MBN pick-up coil and
experimentally investigates the effect of carbon content in steel on the MBN signals
and magnetic hysteresis loops. The MBN pick-up coil is optimised using analytical
models of inductance and parasitic capacitance for the hexagonal winding coaxial coil.
A multifunctional measurement system using the optimised coil is employed to
measure magnetic hysteresis loops and MBN signals. The measured peak-to-peak
value of MBN envelope, coercive field and remanence on hysteresis loop are used to

characterise the carbon content in various steels.

Chapter 9 concludes the findings and contributions of the investigation regarding
the effects of stress, temperature and microstructure on magnetic NDE methods. Also,
the possible future directions for this work are presented with respect to the
multiphysics simulation and deep learning in magnetic flux leakage and Barkhausen

noise techniques.



Chapter 2

Ferromagnetism

This chapter describes the fundamental theories of magnetic field and mechanisms of
magnetisation. In addition, the theoretical aspects of micromagnetics, including the
domain theory, the different micromagnetic energies, are introduced. It provides
insight into the cause of hysteresis in ferromagnetic materials by explaining the
domain structures and domain wall motion. And finally, analytical models of

hysteresis and magnetic Barkhausen noise are introduced.

2.1 Magnetic field

One of the most fundamental concepts in magnetism is magnetic field (H), which
is a vector field that describes the magnetic influence on a magnetised material or a
moving electric charge. A magnetic field can be produced by a permanent magnet or
a moving electric charge. A magnetic field generated by an electric current has been

solved by Ampée and expanded by Maxwell [1]:
_ 42
VxH =J,+ ~ (2.1)
where Jsis a free current density, D is the electric displacement field.

When a magnetic field is generated in a medium, the response of the medium is its
magnetic induction B, also usually called the magnetic flux density. The relation
between magnetic induction and magnetic field is called the permeability of the
medium. In particular, the permeability of free space or vacuum is a universal constant
represented as zo (uo = 4mx107 H/m). The magnetic induction in free space is written

as

B=u,H (2.2)



However, in other media, particularly in a ferromagnetic material, B is no longer
proportional to H. They are found following the regularity of a more complicated
relation named magnetic hysteresis. But their relation can also be represented by the
permeability of the medium x through the equation

B=u(H)-H (2.3)

where x is no longer a constant. It is the product of uoand dimensionless quantity ur,

where  is relative permeability varying with the strength of magnetic field.

As mentioned above, an electric current can generate a magnetic field. Conversely,
a changing magnetic field can induce an electric field. According to Faraday’s law and
Lenz’s law [1,2], a spatially varying electric field (E) always accompanies a time-

varying magnetic field:

0B
VXE = _E (24)

Together with Gauss’s law, which describes the relation between static electric field
and the electric charges, and Gauss’s law for magnetism, which states there is no
magnetic monopole, Maxwell formulated a few partial differential equations now

called Maxwell’s equations [2]:

V-E ="FE
€o
V-B=0
UxE=-2 (2.5)

9E
VXB = py(J +&3)

where pe is the electric charge density and J is the current density. The publication of
the equations marked the unification of previously separated theories. The equations
provide one of the most important mathematic models for electric, magnetic, optical

and radio technologies.

In addition to the permanent magnets, which have constant residual magnetisation,
solenoids or electromagnets are widely used to produce magnetic fields. The Biot-
Savart law is one of the fundamental laws to calculate the magnetic field generated by

an electric current [1]:



_ L dlxr
H= [ 3 (2.6)

where 1 is electric current, dl is a vector along with path C, and r is the displacement
vector from wire element (dl) to the calculated point. This equation can be used
relatively straightforward to calculate a magnetic field generated by a solenoid made
by winding numbers of turns enamelled copper wire. For a long thin solenoid that is
used to produce a uniform magnetic field, the magnetic field strength at the centre of

it will be

H=" 2.7)

L

where N is the turns of the solenoid and L is its length. Another widely used coil to
produce a uniform field is Helmholtz coils, which consists of two coaxial coils with
the same turns and carrying current. When the Helmholtz coils consist of N turns of
wire carrying constant current I, the magnetic field strength at the axis of symmetry
can be given by

__ NIR?
T 2(R2+x2)3/2

H (2.8)

where R is the coil radius and x is the coil distance on-axis, as shown in Fig. 2.1.

Figure 2.1. Two coaxial coils configuration of Helmholtz pair

Although the Biot-Savart law and Maxwell equations can be applied to compute the
magnetic field in various simple situations, there is not always an analytical solution
(e.g., the magnetic field in a shaped solenoid coil with a soft material core). One of the
advantages of numerical techniques over analytical methods is the ability to simulate
a wide range of physics and geometry. Besides, the numerical methods are superior to

analytical models in solving time-stepping problems [1,3,4]. Furthermore, the



numerical modelling methods are more furnished to better fit the nonlinear problems
by discretizing the problem properties and geometries [3,4]. Hence, in general cases,

it is necessary to resort to numerical techniques to obtain a solution.

One of the widely used numerical techniques, Finite Element Modelling (FEM), is
based on the concept of dividing the original problem domain into an equivalent
system (mesh) of numerous smaller subdomains called finite elements and applying a
numerical formulation based on interpolation theory to these elements [3,4]. The FEM
simulation packages commercially available are COMSOL Multiphysics, MagNet by
Infolytica, ANSYS, etc. Compared to the Finite Difference Method, the FEM method
can significantly improve the solution accuracy [3,4]. Besides, numerical methods
such as the Boundary Element Method and Finite Difference Method are not
appropriate to solve nonlinear problems [4]. Hence, FEM is preferred for solving
electromagnetic field problems. The FEM model created using COMSOL
Multiphysics software and the FEM simulations to investigate the stress-dependent

magnetic flux leakage field will be presented in Chapter 4.
2.2 Magnetisation
2.2.1 Magnetic materials

According to Ampere’s theorem [1], current in an electrical circuit will produce a
field so that a current loop carrying an electric current will generate the magnetic
dipole moment m, which can be considered the most elementary unit of magnetism.

The torque on a magnetic dipole moment in a magnetic induction follows the equation
T=mXxB (2.9)

It means that magnetic induction B tries to align the dipole such that the moment m

will lie parallel to the induction.

To consider the effect of magnetic material on magnetic induction B, it is necessary
to define a quantity, magnetisation M, which represents magnetic moments per unit
volume (m/V) in a magnetic material. When an external field H is applied, there are
two contributions to form the magnetic induction B: one from the magnetic field and

the other from the magnetisation so that Equation (2.3) can be rewritten as



B=u,(H+M) (2.10)

Another quantity linking magnetisation with the external field is called magnetic
susceptibility y and can be expressed as

M=yH (2.11)

The various magnetic materials can be generally classified into three groups
according to their susceptibilities: diamagnetic, paramagnetic and ferromagnetic. As
its name suggests, the susceptibility value of a diamagnetic material is negative, while
the other two groups are positive. To state clearly, in the diamagnetic group, y is
relatively small and of order -10°, in the paramagnetic group, y is relatively small as
well and of order 10°to 107 [1], and y is much greater than 1 in the ferromagnetic
group. In this thesis, the research objects are ferromagnetic materials.

2.2.2 Demagnetising field

When an external field magnetises a ferromagnetic material with finite dimensions,
the directions of magnetisation and the magnetic field generated by the magnetised
sample are opposite inside the sample. According to the theory of magnetic dipole
moment, the magnetisation is considered as being the effect of aligning the magnetic
dipoles within the magnetic material, and the dipoles create magnetic “poles” near the

ends of the finite sample giving rise to a magnetic field opposing the applied field.

The demagnetising field is only related to the magnetisation in the material and the
geometry of the specimen. The demagnetising field Hqg is proportional to the

magnetisation M but points in the opposite direction so that it can be given by
H; =—-NsM (2.12)

where Nq is the demagnetising factor dependent on the shape of the specimen and 0 <
Na < 1. The accurate analytic solutions for Ng can only be obtained in geometries with

second-order differential equations, such as ellipsoids [1,5].

In ellipsoidal bodies, which are uniformly magnetised, the demagnetising field is in
turn also uniform. If the three principal axes (assumed as a, b and c) of the ellipsoidal
body coincide with the x, y and z axes and a > b > ¢ > 0, the axial components of

demagnetising factor are [5]
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Ndx + Ndy + NdZ = 1 (213)

And the exact formulas give as

9
Ngx = =22 [F (), 9) — E@, 9)] (2.14)
_ cospcos? _ 2. _ sin?@sindcos?
Nay = sin39sin?6cos20 [E(, ) — cos®6 - F(ih, 9) cos¢ 1 (219
) inY
Naz = Giigcosto U coro ~ ECL D] (216)
where
cosp =b/a, (0<¢ <m/2) (2.17)
cos =cfa, (0= ¢ <m/2) (2.18)
sinf =22 =y, (0 <m/2) (2.19)

and F(1,9) and E (3, 9) are elliptic integrals of the first and second kinds. i is the
modulus and 9 is the amplitude of these integrals. The Equations (2.14) to (2.16) given
above allow us to calculate the demagnetising factor of an ellipsoid, but the calculation
will not be an easy task. For some special and simple geometries, the factors are easy
to obtain, for example, the demagnetising factors of a toroid and a long cylinder are 0
and that of a sphere is 1/3.

In general cases, the demagnetising factor is hard to solve analytically. Therefore,
to avoid the error caused by calculating the demagnetising factor, for specimens with
the same geometry and subject to the same external magnetic field, the analytical
results can apply the normalisation method to eliminate demagnetising effect in this
thesis. Besides, concerning complex geometry, FEM is preferred to numerically
compute magnetic field including the demagnetising field, which will be presented in
Chapter 4.

2.2.3 Magnetisation process

The relation between magnetic induction B and magnetic field H has been given in
Equations (2.2), (2.3) and (2.10). For free space and paramagnetic material, magnetic
induction is linear to the magnetic field, while the relationship is much more

complicated in the case of ferromagnetic material. Besides, the one-to-one

11



correspondence between states of induction and the applied field can be seen in free
space and paramagnetic material, but it is absent in ferromagnetic material. The most
common way to represent the bulk magnetic properties of a ferromagnetic material is

by a plot of a B-H hysteresis curve or M-H hysteresis curve.
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Figure 2.2. Graphical illustration of the magnetisation process in a specimen of 1.0
wt % C carbon steel. [6] (a) The initial magnetisation curve and hysteresis loop of the
specimen; (b) The differential relative permeability as a function of applied field in

the carbon steel.

Fig. 2.2a shows a typical M-H curve including an initial magnetisation process and

a major hysteresis loop. The initial magnetisation process starts after the
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demagnetisation, where the net magnetisation is zero. When applying an external
magnetic field, the magnetic dipoles or domains are trying to align to the field until
the material is magnetically saturated. When all domains are aligned parallel to the
field direction, it is named saturation magnetisation Mst. The magnetic domain is a
region where the magnetic moments point in the same direction will be introduced in

the next section.

When the external field is reducing, more and more domains are no longer parallel
to the field. However, when the field reduces to zero, there are still numerous domains
aligned so that the ferromagnetic specimen retains considerable net magnetisation,

which is the remnant magnetisation My (in B-H curve, it is remnant flux density By).

If the field is reducing further, the direction of the applied field will be reversed,
and the magnetisation keeps decreasing. When the magnetisation reaches zero, the
amount of magnetic field corresponds to the coercive field, marked as Hc in Fig. 2.2a.
After this point, with the increase of reverse field, domains are trying to align to the

reverse field until saturation.

Then reversing the external field, the magnetisation will experience remnant
magnetisation and coercive point again. Their values are the same as the
aforementioned decreasing part of the hysteresis loop, but the signs are the opposite.
Continuous applying and reversing the external magnetic field results in repetition of
the magnetisation cycle pattern where the magnetisation M changes with the magnetic
field H along the hysteresis loop.

When analysing the response of the carbon steel to the applied field, the relative
permeability & can become infinite and even negative along the hysteresis loop.
Therefore, it is more reliable to use the term of differential relative magnetic
permeability to describe the dynamic magnetisation process along the hysteresis loop
and it is defined as

, _ 14dB

wo= o (2.20)

As an example, Fig. 2.2b shows the differential magnetic relative permeability
varies as a nonlinear function of the applied field, along the initial magnetisation curve

and hysteresis loop of the carbon steel.
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2.3 Micromagnetic Theory

In the previous sections, the important macroscopic magnetic properties of
ferromagnets, represented on a B-H curve or hysteresis loop, have been discussed.
This section will explain the magnetic phenomena on the microscopic scale of
magnetic domain and magnetic energies. In addition, the domains’ behaviour and their
related magnetic energies will be introduced. Furthermore, the hysteresis and magnetic
Barkhausen noise models related to the domain motion and magnetisation will be
discussed in the following Sections.

2.3.1 Magnetic domain

Weber assumed the ferromagnetic material should already have magnetic moments
which were randomly oriented in a demagnetised state and became aligned under the
action of the applied field [1]. Ewing inherited this hypothesis to explain the hysteresis
on the basis of the interactions between atomic dipole moments [1]. But they did not
realize that the demagnetised ferromagnet was already in an ordered state as there were
numerous atomic magnetic moments oriented locally in parallel, which rarely exist in
paramagnet. The region in a ferromagnet where all the dipole moments point along
the same direction is called a magnetic domain [1,7]. Domains are separated by
domain walls. The directions of domains are aligned randomly in the demagnetisation

state so that the ferromagnet does not present bulk magnetisation in macroscopy.

In a domain, all magnetic moments are pointed parallel to each other, giving rise to
a spontaneous magnetisation Ms, according to Weiss mean-field theory [7]. It is an
interatomic interaction that causes neighbouring atomic magnetic moments to align
parallel to minimise the exchange energy. The spontaneous magnetisation equals the
saturation magnetisation at 0 K (i.e., absolute zero) but decreases with the temperature

increase and becomes zero at the Curie point.

With the observations of domains by the Bitter colloid method [8] and magneto-
optic Kerr effect method [9], the hypothesis of the magnetic domain was verified. Fig.
2.3 shows the domain configuration of a nanostructured Permalloy specimen during
one cycle magnetisation process [10,11]. At the beginning (H = 0 A/m), the domains
constitute the flux closure domain pattern where the net magnetisation shows zero.

The flux closure domains are usually the last domains to flip over in the magnetising
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process as shown in Fig. 2.3e and 2.3f. They, in reverse, emerge at the beginning of
the demagnetising process to provide return paths for the spontaneous magnetisation

of the main domains.

-120 -80 Oe 40 80 120 2 Oe 40 80 120

Figure 2.3. Domain configurations of Permalloy elements. (a) ~ (e) show the domain
motion during a 2um>2um>26nm Permalloy specimen in a magnetisation cycle and
(f) shows the saturation condition of a 3um>3um>26nm Permalloy specimen (10e =
79.58 A/m). [10,11]

2.3.2 Domain wall

It can be seen in Fig. 2.3 that the domains are separated by layers which are called
domain walls. The domain walls between two antiparallel domains are 180 <=domain
walls as marked in Fig. 2.3d. The domain walls between the main and perpendicular
domains are 90° domain walls marked in Fig. 2.3a. The domain wall is not
infinitesimal in width. Bloch [13] first suggested that the domain walls should be
transition layers between domains, so they were named after him (Bloch walls). The
widths of domain walls are determined by minimizing domain wall energy. For
example, the thickness of a domain wall of iron is approximately 160 atomic layers
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[1]. The magnetic moments reorient within domain wall and the directions of the

moments change gradually over numbers of atomic layers as shown in Fig. 2.4 [12].
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Figure 2.4. Illustration of the domain, 180~ domain wall and the alignment of

magnetic moments within them [12].

In a bulk specimen, the realigning magnetic moments lead to magnetisation normal
to the plane of the material, while in a thin film specimen that the ferromagnetic
domain can extend across the whole width of the specimen, the moments will rotate
within the plane of the material which is known as Néel wall [1] (as shown in Fig. 2.5).

(@)

(b)

sl 1

Figure 2.5. The typical (a) Bloch wall and (b) Né&l wall [1,14].

As mentioned above, there are different kinds of domain walls including 180~ and

90 walls. In cubic material, when anisotropic constant K > 0, only 180 and 90 “domain
walls exist. There are some other non-180"walls, for example, in nickel when K < 0,
the easy axes are all the <111> directions so that the non-180"walls are either 71 or
109°74].
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2.3.3 Behaviour of domains

The behaviour of domains has been briefly introduced previously. In this section,
the changes inside domains under the action of a changing magnetic field and the

mechanism behind them are discussed.

In a ferromagnetic material, when a small increment of the applied field is removed,
the magnetisation will return to the original value. It is called reversible magnetisation.
By contrast, during irreversible magnetisation, the magnetisation does not return to its
initial value on removing the field. More often, both reversible and irreversible
processes occur together during the magnetisation cycle. The corresponding changes
of the domain are classified as the reversible and the irreversible change of domain.

In a reversible process at a relatively weak applied field, the domain wall bows like
an elastic membrane. When the field is removed, the wall will resile to its initial
position. The bowing of the domain wall will become irreversible once the wall is
adequately deformed. It may also become irreversible if the wall encounters further
pinning sites to prevent its resilience when removing the field. In an irreversible
process, the domain wall motion usually performs the effect of translation. The wall

displacement caused by pinning sites can give rise to energy loss.

At low field amplitude, the direction of magnetic moments slightly deflects from
easy axes to the field direction resulting in the reversible rotation of moments within
the domain. In this stage, the energetically favourable domain closest to the field
direction expands at the expense of neighbouring domains. With the field amplitude
increase, when the field energy overcomes the anisotropy energy, the moments will
rotate from the original easy axis to the new one closest to the irreversible field
direction. Similar to the previous stage, the magnetisation process is accompanied by
the domain wall motion and volume growth of energetically favourable domains. At
the high field, the magnetisation process is continued by domain rotating towards the
field direction. In this case, there is a reversible mechanism within the domain as the
energy minimum of the easy axis closest to the field can be perturbed by the field
energy so that the rotation of moments into the field direction can be reversible. And
finally, at a very high field, the ferromagnetic material reaches its saturation with all
moments aligning to the field direction. These processes are diagrammatically shown
in Fig. 2.6.
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Figure 2.6. Changes of domain structures during the magnetisation process in a

ferromagnetic material [1].

The modern theory of magnetic domain is based on the total magnetic free energy
[15-17]. There are several main contributions to the total free energy including
exchange energy, magnetocrystalline anisotropy energy and magnetostatic energy,

which are discussed as follows.

2.3.4 Magnetic energies

As discussed previously, a ferromagnetic material consists of a number of domains
in the absence of an external magnetic field and in each of them, all magnetic moments
are aligned parallel. During the magnetisation process, the domain rotation and
domain wall motion occur according to the minimum energy theory. The static total
magnetic free energy Eot is contributed by exchange energy Eex, magnetocrystalline
anisotropy energy Ea, magnetostatic energy Em, magnetoelastic energy E;, Zeeman
energy E; and domain wall energy Eqw. Hence, the total magnetic free energy can be

written as
Etot =Eex +E, +E,, +E; + E, + E,, (2.21)

I. Exchange energy
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Exchange energy derived from a quantum mechanical effect of the exchange
interaction is closely related to the coupling of adjacent atomic magnetic moments and
their tendency to align parallel to each other. If the nearest-neighbour interaction is
considered exclusively, the exchange energy of two nearest-neighbour spins is written
as [1]

Eex = —2/cxS;i - Sj (2.22)

where Jex is the exchange constant, Sj and S; are the nearest-neighbour spin angular
momenta. According to Equation (2.22), to minimise the exchange energy all the
neighbouring magnetic moments within a ferromagnet should be aligned parallel, i.e.,

the ferromagnet is uniformly magnetised.
II. Magnetocrystalline anisotropy energy

The combination of crystal structure and spin-orbit interaction gives rise to the
contribution to the magnetocrystalline anisotropy energy. The anisotropy energy
favours magnetic configurations where the magnetic moments tend to align along
energetically favourable crystallographic directions. For example, the cubic 3d
transition material such as iron and nickel, their magnetic moments align preferentially

along their easy axes, i.e., <100> and <111> axes, respectively.
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Figure 2.7. Magnetisation curves for iron along axes <100>, <110> and <111> (10e
=79.58 A/m, 1 emu-cm= = 1000 A/m) [1].
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The magnetisation curves along various axes in iron are shown in Fig. 2.7. It can be
seen that the highest low-field susceptibility of iron is along axis <100> which is called
‘easy axis’. It is easiest to magnetise iron along the easy axis while it is more and more
difficult to magnetise iron along axes <110> and <111> which are called ‘medium

axis’ and ‘hard axis’, respectively.
In a cubic crystal such as iron, the anisotropy energy is given by:
E, = K,(cos?8,c0s?0, + cos?0,cos?05 + cos?0,cos*803) +
K,(cos?6,co0s%0,c0s%03) (2.23)

where 61, 6, and 65 are angles of the magnetisation vectors relative to the three
principal crystal axes, Ky and K are the first and second-order anisotropy coefficients.
For example, K; and Kz of iron at room temperature are 48 kJ/m® and 5 kJ/m3
respectively [1]. If neglecting the second term on the right hand of Equation 2.23, the

one-constant equation that only retains the first item can be used as an approximation
E, = K,(cos?8;c05%0, + cos?0,c0s?03 + cos?0,c0s%05) (2.24)

For K1 > 0, the easy axes are <100> directions such as iron, while K1 <0, the easy axes

are <111> directions such as nickel.
I1I. Magnetostatic energy

The magnetostatic energy Enm is the potential energy of magnetic moments that are
subjected to the magnetic field. The magnetostatic energy can be expressed as an
integral over the body volume. For a single domain crystal as shown in Fig. 2.8a, the

energy per unit volume is given by
Em = —Ho [ HadMy = 52 NgM; (225)

where Hq is the demagnetising field, Nq is the demagnetising factor and M;s is the
spontaneous magnetisation within a domain. In the case where the ferromagnetic
crystal is a single domain, all magnetic moments align along the easy axis so that it
results in a large demagnetising field at the ends as shown in Fig. 2.8a. The energy
will be reduced by nearly half, if the crystal is divided into two domains where the

magnetic moments align antiparallel as shown in Fig. 2.8b, since the new south and
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north poles created by magnetic moments are closer, reducing the demagnetising field.
Similarly, when the domain is split into four individuals as shown in Fig. 2.8c, the
energy will be reduced by about one-fourth of the initial one. The magnetostatic
energy is minimized by creating the closure domain where the magnetic flux is

enclosed and the magnetic poles are eliminated as shown in Fig. 2.8d.
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Figure 2.8. Diversion ferromagnetic crystal into domains [18].

IV. Magnetoelastic energy

@) Disordered

(b) Ordered & unaligned :

(c) Ordered & aligned

Figure 2.9. A schematic diagram illustrating the magnetostriction in (a) the disordered
(paramagnetic) state, (b) the unmagnetized ferromagnetic state, (c) saturate

magnetisation ferromagnetic state (image reproduced from [1])

Magnetoelastic energy describes the energy caused by elastic lattice distortion. The
distortion or strain is called magnetostriction (1). There are two main types of
magnetostriction: (1) spontaneous strain arising from the ordering of the magnetic
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moments when the ferromagnetic material is cooled from its Curie temperature, and

(2) field-induced strain caused by the realignment of domains.

In case of the temperature cooling down from the Curie point of the ferromagnetic
material, the previously disordered magnetic moments due to random alignment
become ordered within domains. The spontaneous magnetisation Ms appears within
domains and orients variously from domain to domain to ensure that the bulk
magnetisation is zero. With the spontaneous magnetisation appearance, the
spontaneous strain e or magnetostriction Ao is generated along a particular direction as

shown in Fig. 2.9b. The relation of spontaneous magnetostriction can be given as
Ao = § (2.26)

When the material is magnetised to saturation, all the magnetic moments align
parallel within domains as shown in Fig. 2.9c. The relation between spontaneous strain

e and saturation magnetostriction As is expressed as
As =7 (2.27)

If the material is isotropic, its saturation magnetostriction s at any angle 6 to the

applied field direction can be given as
25(8) =22, (cos?6 - 3) (2.28)

While if the material is anisotropy, the saturation magnetostriction needs to be
defined concerning the crystal axis where the magnetisation lies. The saturation

magnetostriction in a single domain, single crystal cubic material is given by [1,18]

3 1
As = 5/1100 (“fﬁlz +ajp; + aifi - 5) +
B az BBy + azas o3 + ajasf183) (2.29)

where 100 is the saturation magnetostriction along the <100> direction, A111 is the
saturation magnetostriction along the <111> direction, a1, a2 and as are the direction
cosine of the spontaneous magnetisation vector with respect to the crystal axes, f1, 52
and g are the direction cosines of measured magnetostriction relative to the crystal
axes as shown in Fig. 2.10. The equation validates a crystal having either <100> or

<111> as the easy axis.

22



Figure 2.10. A schematic diagram showing the principal crystal axes and the

magnetostriction measurement directions [1].

Most commonly, the strain is usually measured in the same direction of

magnetisation, and hence, Equation (2.29) can be further simplified to [1]
As = Aigo + 3(A111 — Aigo) (afas + afaj + ajai) (2.30)

When applied additional stress to a ferromagnetic material, the magnetisation
direction will change, and the relation between the direction of magnetisation M within
a domain and the direction of stress ¢ should be considered. It has been known that
the direction of M can be influenced by magnetocrystalline anisotropy in the absence
of stress. While with the action of stress, the direction of M will be combinedly
controlled by stress and anisotropy. By considering the contribution of stress, the

magnetoelastic energy E; for an iron-based material can be approximated as [16]

3
3 3
E, = —Eﬂ1oozaiiai —5/11112%'%0!; (2.31)

i=1 i#j

where i and «j are the direction cosines of magnetisation M aforementioned, and oii

and oij are the tensor components corresponding to applied stress o.

And when uniaxial o stress that may be caused by residual strain or an external force

is applied, the magnetoelastic energy in an isotropic material is shown below

Ey = —20lscos%0 (2.32)
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where the 6 is the angle between directions of stress and magnetisation. This equation
has a similar format to uniaxial anisotropy energy, so it is called stress-induced
anisotropy, where the effect of applied stress can be considered as the introduction of
an extra easy axis of magnetization in addition to the magnetocrystalline easy axis.

For ferromagnetic material with positive magnetostriction, the magnetoelastic
energy is minimum when the direction of magnetisation is parallel to the unidirectional
tensile stress, while for the negative one, the energy is minimised when the
magnetisation is perpendicular to the unidirectional tensile stress. The mechanism of
magnetomechanical will be further discussed in Section 2.4.

V. Zeeman energy

After Pieter Zeeman [15-17], the Zeeman energy is the interaction energy between
the magnetisation M and the externally applied field H. It is written as:

According to the equation, in a unit volume the Zeeman energy favours the alignment
of magnetic moments parallel to the direction of the externally applied field.

VI. Domain wall energy

In the previous discussion, the transition region that separates domains has been
defined as the domain wall (see Fig. 2.4). And the total energy of the Bloch domain
wall per unit area Eqw is given by [1]:

2.2
Egp = % + Kyl (2.34)

where £ is the interaction between nearest magnetic moments, m is the individual
magnetic moments, Sia is the lattice spacing, law is the thickness of the domain wall
and Ky is the first order of anisotropy constant. From the equation, the energy is the
sum of the exchange (the first item) and anisotropy (the second item) energies of
domain wall, which can determine the thickness of domain wall in dynamic balance.
When the exchange energy is the dominant term, the total energy is minimized at a
thick domain wall. While the anisotropy energy is prominent, the domain wall energy

is minimized at a thin domain wall.
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2.4 Theory of Ferromagnetic Hysteresis

2.4.1 Magnetic hysteresis

The effective domain structure of a material is the one minimizing the sum of those
energies mentioned previously called the magnetic Gibbs free energy of the material.
Assuming all imperfections are absent in an isotropic ferromagnetic material,
according to the classical thermodynamic of reversible system, the Gibbs energy per

unit volume is given by [1,19]
G=U-TS+204 (2.35)

where:

G is the Gibbs energy density,

U is the internal energy density,

T is the thermodynamic temperature,

S is the entropy

o is the stress and A is the bulk magnetostriction.

Here, if the stress is not considered. The Helmholtz energy density A is given by
A=G+uH M=U—-TS+uH-M (2.36)
The internal energy density U due to magnetisation is given by [1,19]
U = apM? (2.37)

The energy in a domain is influenced by other neighbour domains. The effect of
interaction between domains can be represented as an effective contribution to the
magnetic field. The effective filed is given by [19]

1

d
H, =~ (D (2.38)
So that the effective field He is expressed as [20]

H,=H+aM (2.39)

where o is a mean field parameter representing interdomain coupling.
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Applying Maxwell-Boltzmann statistics, in the case of a # 0, the anhysteresis
magnetisation Man as a function of the effective field for isotropic material can be

described by the modified Langevin equation [20]:

Man = Mst [COth (H+aaM) B H+aaM] (2.40)

where Mg is the saturation magnetisation and the coefficient of domain density

a =L (2.41)

Hom

where kg is Boltzmann constant and m are magnetic moments. The anhysteresis

magnetisation curve is shown in Fig. 2.11a.

The anhysteretic magnetisation assumes the case where there is no hysteresis loss.
In this case, moment rotation within domains is considered exclusively rather than the
energy losses in domains. Then, by considering the domain wall motion, which is
irreversible, the energy will be dissipated while overcoming the pinning sites. Under
the assumption of uniform pinning sites and each of them having the mean pinning
energy, the total energy consumption on pinning is proportional to the change in
magnetisation. The irreversible magnetisation energy is assumed to be the difference
between the energy obtained in the lossless case and the energy due to the losses
induced by domain wall motions. Consequently, after differentiating operations, the
irreversible magnetisation Mirr can be written as [21-23]

dMirr

M., = Mgy, — kb aH,

(2.42)

where k is the pinning coefficient and ¢ is +1 when dH/dt > 0 and -1 when dH/dt < 0.

The coefficient k may vary with magnetisation rather than constant. It can be adjusted

as k[l — ka(Mlt)z], where Kka is the adjustment amount [24].

In most cases, irreversible magnetisation is accompanied by reversible
magnetisation. In the Jiles-Atherton (J-A) model, the reversible due to reversible

domain wall bowing, translation and rotation is given as
M., = c(My, — M;yr) (2.43)
where c is the reversibility coefficient.
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Figure 2.11. The typical anhysteresis (a) and hysteresis (b) magnetisation curves of
ferromagnetic material (Mst = 1.5%10°, a = 1800, k = 1800, o = 1.4x1073, ¢ = 0.14) [6].

The total hysteresis magnetisation (M) should meet the following formula:
M=M,,,+M,, (2.44)

Then, by differentiating the equation with respect to H, the total differential

magnetisation of ferromagnetic material is given by the following expression [21-23]

amM _ XM
dH ké—axm (245)
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where

dMgn

XM= 6m[Man - M] + kéc aH,

(2.46)

To eliminate the unphysical negative susceptibility dM/dH in the original J-A model,

Om is introduced as

0:2% < 0 and Mgy (H,) — M(H) > 0

Om =1 0: 22 > 0 and Mg, (H,) — M(H) < 0 (2.47)
1: otherwise

Here the matrixial expresses of magnetisation are given. Generally, in an isotropic
material magnetised unidirectionally, the expressions can be simplified as scalar ones.
The typical hysteresis curve is shown in Fig. 2.11b.

2.4.2 The effect of stress on hysteresis

According to the previous discussion, it can be concluded that when a cubic crystal
and isotropic material, such as iron, is demagnetised, the magnetic moments within
magnetic domains, which are separated by 90~ and 180~ domain walls, are aligned
along with one of the energetically favourable crystallographic directions due to
magnetocrystalline anisotropy. When external stress is applied, the domain structure
gains additional magnetoelastic energy that has been quantitatively described in
Equation (2.32).

The magnetoelastic energy E; is related to the magnetostriction Aand external stress
o. If the external stress is uniaxial and parallel to the direction of magnetisation, the
energy is proportional to the product of magnetostriction and stress, which is either
positive or negative. Based on the different signs, there are two situations: (1) the sign
of Ao is positive where the ferromagnet with positive magnetostriction is subjected to
tensile stress or the negative one is subjected to compressive stress. (2) the sign of 1o
is negative where the compressive stress is applied to the ferromagnet with positive

magnetostriction or the tensile stress is applied to the negative one.

For example, Fig. 2.12 shows the situations of magnetomechanical effect by taking
material with positive and isotropic magnetostriction. In the demagnetised state, the

four flux-closure domains can be assumed as an analysing unit that consists of two
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antiparallel domains separated by 180~ domain walls and two domains perpendicular
to and separated from the antiparallel domains by 90~ domain walls as shown in Fig.
2.12a.
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Figure 2.12. Magnetic field and stress affecting the movement of magnetic domains
in the microstructure. (a) to (c) Schematic drawing the domain structure of cubic
crystal ferromagnets subjected to various stress states but no external field. (d) to (f)
Schematic drawing the domain structure subjected to an external field and various

stress states. [25]

When the magnetic field H = 0 A/m, the flux-closure domains are symmetric and
after applying external stress the symmetric structure remains so that the mechanical
stress will not affect the magnetic properties of the sample as shown in Figs. 2.12b and
2.12c. While H # 0 A/m (see Figs. 2.12d~2.12f), the symmetric structure is destroyed
due to the asymmetric extension of the domain within which the magnetic moments
are parallel to the direction of H. If the unidirectional tensile stress (o > 0) is applied
to the material along the direction of the magnetic field which means 1o > 0, this gives
rise to the further growth in the volume of the domain that is parallel to the magnetic

field (see Fig. 2.12e). While if the compressive stress (¢ < 0) is applied along the
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magnetic field, i.e., Ao < 0, the stress would restrain the extension of the domain. It

can be observed by comparing Figs. 2.12d and 2.12f.

To theoretically analyse the magnetoelastic effect, by taking the stress into account,
the Helmholtz energy density A and the effective field He in Equations (2.36) and (2.38)

are rewritten as
A=U—-TS+20A+uH M (2.48)
H,=H+aocM+H, (2.49)

where Hg is the stress equivalent field. And if the direction of stress ¢ is parallel to that
of magnetic field H,

_ 3 (2
Hs = 200 (dM)JIT (2.50)

The equation of stress equivalent field is determined by :—Ii]. In a low magnetisation

region, the magnetostriction is assumed as a parabolic function of magnetisation

approximately [26,27]:
A= bM? (2.51)

where b is the magnetostriction coefficient which can be obtained from the parabolic
fitting of experimental magnetostriction values as shown in Fig. 2.13. The coefficient

of quadratic term in the symmetric parabola can either be positive or negative.

In a high magnetisation region, the magnetostriction curves may display more
complicated characteristics as shown in Figs. 2.14a and 2.14b. Besides, by considering
the effect of stress, the magnetostriction curves would be far different from each other
under different applied stresses as illustrated in Figs. 2.14c and 2.14d. Jiles [28]
proposed an empirical model to describe the relation between magnetostriction and

magnetisation under stress as

Ao, M) = Z vi (o) M (2.52)

where
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V(@) = 7@ + ) Zy['(0) (253)

n!

where y/*(0) is the nth derivative of y; with respect to stress at ¢ = 0 MPa. And
generally, we can ignore the high order and remain the second-order item so that the

Equation (2.52) can be approximately simplified as
A(o, M) = yo + (Y11 + V120)M? (2.54)
where o, y11, and y12 are stress-dependent coefficients and can be determined through

fitting the measured magnetostriction curves.
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Figure 2.13. Magnetostriction as function of magnetisation with parabolic fitting in
(a) polycrystalline iron cobalt (FeCo+2%V, 4nM is magnetisation expressed in
Gaussian unit, 1G = 0.1mT and in free space 1G = 79.577A/m) [29], (b) nitrided
SAE6481 steel (sample TS1) [30].

Consequently, if the direction of stress & is parallel to that of magnetic field H, by
substituting Equations (2.51) and (2.54) into Equation (2.50) respectively the stress
equivalent field can be further written as

H,=2oM (2.55)
Ho
H, = M"M (2.56)
0

The different forms of stress equivalent field can meet different conditions. For
example, when analytically evaluating the stress-dependent magnetic Barkhausen
noise [30], Equation (2.55) is preferable since at relative low magnetisation the

parabolic fitting is more approximate to the measured magnetostriction curve.
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Figure 2.14. (a) Magnetostriction of 2% Mn pipeline steel as a function of
magnetisation [31], (b) Magnetostriction of 0.003% wt carbon steel as a function of
magnetisation obtained from various stresses [32], (c) Magnetostriction as a function
of the field in polycrystalline iron, cobalt and nickel [33], and (d) The

Magnetostriction in iron obtained from different stresses [34].

To further simplify the effective field by combining the item of M, He arrives at

H,=H+aM (2.57)
where

5 — 3 1(dr

ad=a+ 2 (dM)a,T (2.58)
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Figure 2.15. The typical anhysteresis curves (a) and hysteresis curves (b) for a
ferromagnetic material with positive magnetostriction under tensile, compressive and

free stresses.

And further, the Equations (2.40) and (2.45) that describe the anhysteresis and

hysteresis magnetisation are rewritten as

(2.59)

M, = M [coth (HWM)

H+ﬁM]
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amM _ XM
dH ~ ké—dxm (2.60)

The typical anhysteresis and hysteresis curves for a ferromagnetic material with
positive magnetostriction under tensile, compressive and free stresses are shown in
Fig. 2.15. The relation between stress and hysteresis loop can be further used to

develop the models of magnetic flux leakage and magnetic Barkhausen noise.
2.5 Magnetic Barkhausen Noise

The Barkhausen effect is the phenomenon of the discontinuous stepwise jumps
within a ferromagnetic material subjected to a changing magnetic field. These
discontinuities are greatly ascribed to the discontinuous domain wall motion. The
domain process during magnetisation has been discussed previously. The irreversible
domain wall motion, including irreversible discontinuous domain wall bowing,
rotation and especially translation, mainly contributes to the Barkhausen noise and

magnetoacoustic emission [1].
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Figure 2.16. Interaction of domain wall and inclusion. (a) Free poles distribution on
an inclusion. (b) Free poles redistribution on the inclusion when intersected by the
domain wall. (c) Free poles rebalance after the domain wall passing across the

inclusion. [1]

During irreversible magnetisation, the domain walls suddenly break away from the
pinning sites related to the presence of “inclusions”, including carbide oxide and
microcracks. An “inclusion” can be viewed as an isolated region of the second phase
within a domain with different spontaneous magnetisation from surrounding moments

or no magnetised at all. The inclusion enclosed within a domain would have magnetic
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free poles as shown in Fig. 2.16a with attendant magnetostatic energy. When the
domain wall bisects the inclusion, the free poles occur a change of distribution to
reduce the magnetostatic energy as shown in Fig. 2.16b. After the domain wall passing
across the inclusion, the free poles finally redistribute as shown in Fig. 2.16c to reduce
the magnetostatic energy. The redistribution of free poles would generate flux pulses

which are detected by search coils and named Barkhausen noise.

In soft ferromagnetic materials with weak pinning sites such as iron and electrical
steels, the irreversible domain wall motion mainly contributes to the magnetic
Barkhausen Noise (MBN) and the required critical strength of the magnetic field to
induce domain wall to break through pinning sites is relatively low. Therefore, within
the relatively low magnetisation range, the domain walls move with a high velocity,
resulting in a relatively high differential susceptibility dM/dH and intensive
Barkhausen Effect. The strongest MBN can be observed at the coercive field due to
the largest value of differential susceptibility. Compared with the effect of domain
wall motion on MBN, the other contributions like domain rotation are relatively lower.
The relation between the magnitude of MBN and the magnetisation processes is
plotted in Fig. 2.17. It can be seen that the highest MBN is generated at the coercive
field of the M-H curve with the highest value of differential susceptibility. The MBN
pulses concentrate in the steep range of M-H curve where the magnetisation takes
place predominantly by irreversible domain wall motion, while the MBN emissions,
due to irreversible domain wall bowing and domain rotation which occur at the lower

and higher levels of magnetic field, respectively, are shown to be relatively low.

The quantitative description of the Barkhausen noise using mathematic equations is
difficult due to its random nature. After development in decades, the most notable
attempt to mathematically describe the MBN emission was made by Alessandro,
Beatrice, Bertotti and Montorsi (ABBM) [35] who proposed a model of the stochastic
domain wall motion under the action of an applied field and subject to a random
coercive field Hc inside the material. In their model, the coercive field fluctuates as a
function of magnetic flux @ and the features of the coercive field are given by

dHe | Hoo<Ho> _ dWy
d¢o ¢ d¢g

(2.61)
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where ¢ is the finite length corresponding to the finite interaction range of the domain
wall with pinning sites and Wn(&) is a white noise function with zero mean value but a

finite variance proportional to the intensity of pinning.

H
veN {1
H
‘A
dM/dH
H

.
>

Figure 2.17. The relation between magnetisation, MBN and susceptibility [1].

By considering the generic local field influenced by applied field Ha and

magnetostatic field Hm, the time derivative of magnetic flux is described as

= (G- (2:62)

where Cq is a coefficient produced by electrical conductivity and a dimensionless

coefficient. The Barkhausen activity generated with magnetic flux @, magnetisation
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M (or magnetostatic field Hmw) and coercive field Hc fluctuation within a given time
interval is correlated with the activity in the previous time interval but varies by a

stochastic amount.

This model has restricted the rates of changes of applied field dHa/dt and
magnetisation dM/dt as constant values. The model was extended to the entire
hysteresis loop by Jiles, Sipahi and Williams (JSW) [36]. In the extended model, it is
assumed that the Barkhausen activity in a given time interval is proportional to the rate

of change of magnetisation

dMpy aMm ’d_H
dt PTEREAPT (2.63)

where Mgn represents the Barkhausen activity and y’ is the differential susceptibility
dM/dH. The Mg with regard to the Barkhausen jumps is assumed to be the product of
a number of events N and the average Barkhausen jump size <Mzx> within a time

interval A¢

To reveal the random nature of Barkhausen activity, the number of events over a
given time interval N(t») is assumed to follow a Poisson distribution and is related to

the number in the previous period N(t»-1), which is expressed as

N(tn) = N(tn—l) + 6rand\/ N(tn—l) (2-65)

where drand IS @ random number in range -1.47 < drand < +1.47 [37] (originally the range
was 1 [36]).

Consequently, the Equation (2.63) of the rate of change of Barkhausen activity can

be rewritten as

dMpn(tn)

dt = (Mgy) x’ dH;:n) [N(tn—l) + 6rand\/ N(tn—l)] (2.66)

Subsequently, Jiles et al. [37], [38] modified the differential susceptibility dM/dH
as dMir/dH to eliminate the influence of reversible magnetisation that rarely induce
Barkhausen activity. The Barkhausen activity produced by the number of Barkhausen
events N and the average size of events <Mgg> is further modified as differential with

the irreversible magnetisation. And hence, Equation (2.66) is further rewritten as
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dMpn _ dMirrd_Hd(N<MW)) (2 67)
dt dH dt dMjp, '

The simulated results using ABBM and JSW models are shown in Fig. 2.18 (a) and
(b). The advantage of the JSW models, including its modified models, is that they
extend the Barkhausen activity from limited magnetisation regions to the entire
hysteresis loop. Besides, by using the proportional relation between the differential
irreversible susceptibility dMir/dH and Barkhausen activity, it is possible to predict
the effects of temperature and stress on the amplitude of MBN and the correlated work
for quantitative evaluation of the effects of temperature and thermal stress on MBN

will be presented in Chapter 6.

Mrmax(V)

]

z (1)

o

H(kA/m)
(a) (b)
Figure 2.18. (a) The simulated Barkhausen activity using the ABBM model [35]. (b)
The calculated Barkhausen emission voltage with the applied field using the JSW
model [39].

2.6 Chapter Summary

This chapter has described the basic theories of macroscopical and microscopical
magnetics. The magnetic field and magnetisation processes were introduced in
macroscopical magnetics. Subsequently, the micromagnetic theories including the
domain, domain wall and micromagnetic energies were introduced. It further
discussed the hysteretic magnetisation processes as well as the model of ferromagnetic
hysteresis. The effect of stress on hysteresis was analysed via the concept of stress
equivalent field. Finally, the magnetic Barkhausen effect phenomenon was discussed.
These theories and relations will be later used in the development of magnetic flux

leakage and magnetic Barkhausen noise models in the following chapters.
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Chapter 3

Nondestructive Evaluation Techniques and the Important Factors

Influencing Magnetic NDE Methods

In this chapter, the nondestructive evaluation (NDE) techniques and their applications
to material characterisation are introduced. The NDE techniques are classified into
nonmagnetic, including optical, ultrasonics and radiography NDE, and magnetic
techniques, which are further subdivided into macromagnetic and micromagnetic. The
macromagnetic techniques, including magnetic flux leakage and hysteresis loop, the
micromagnetic NDE techniques, especially magnetic Barkhausen noise, and the
effects of stress, temperature and microstructure on these magnetic NDE methods, are

emphatically discussed.
3.1 Nondestructive Test and Evaluation

Nondestructive testing (NDT) is a broad and interdisciplinary field for assuring the
integrity of structural components and the performance of systems. It plays a critical
role in locating defects of structures and characterising the conditions of materials.
Compared with the destructive test, its most significant advantage is that it allows

inspection without damaging the tested objects and interfering with subsequent use.

Nondestructive evaluation (NDE) is usually interchangeable with NDT. But the
measurements of NDE are more gquantitative. For example, it requires the quantitative
characterisation of defects such as length and depth rather than just the defect location.
In this thesis, the focus will be on the research of NDE techniques.

The development of NDE technology depends on the discoveries of physics. For
example, the vibration mechanics bred the ultrasonic NDE technique, and the
magnetics gave rise to the hysteresis NDE technique. According to different physics
branches, various NDE techniques can be classified into nonmagnetic NDE techniques

and magnetic NDE techniques.
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The nonmagnetic NDE techniques include visual NDE, ultrasonic NDE and
radiography NDE, etc. Visual or optical NDE initially relied on an operator’s eyes to
find defects and now is a fast-evolving NDE technique by combining machine vision
and artificial intelligence (Al). Ultrasonics NDE is widely used to detect flaws in a
long pipeline and broad plate by propagating the high frequency mechanical wave
within the structures. Radiography NDE uses the penetration of X-ray or gamma-ray
to examine the imperfection of material and evaluate the properties of a material.
These NDE techniques will be introduced in detail in the following section.

The magnetic NDE techniques in this thesis are subdivided into macroscopic
magnetic (i.e., macromagnetic) NDE and microscopic magnetic (i.e., micromagnetic)
NDE techniques. The macromagnetic NDE techniques are widely used to inspect
defects and magnetic properties of ferromagnetic material. The defects are usually
detected by eddy current (EC) and magnetic flux leakage (MFL) using the different
magnetic properties between defects and adjacent material on a scale much larger than
a micrometre. The magnetic properties of ferromagnetic bulk are widely measured by
the magnetic hysteresis loop method. The previous chapter has introduced that
micromagnetics was a branch of magnetic physics dealing with the behaviour of
ferromagnetic material at sub-micrometre length scales. The micromagnetic NDE
techniques employ the behaviours of microscale magnetic structure such as domain
wall motion to evaluate the properties and imperfections of material. It includes
magnetic Barkhausen noise (MBN) and magnetoacoustic emission (MAE) techniques.
The macromagnetic and micromagnetic NDE techniques will be presented in sections

3.3 and 3.4, respectively.
3.2 Non-magnetic NDE Techniques

3.2.1 Optical NDE technique

The optical test relied on the operator’s eyes to find defects on the surface of a
sample may be the first technique used in NDT. It has developed from original and
straightforward to complex and elaborate by employing optical aids such as
microscopy and optical fibre device. It should be noted that ocular inspection is rarely
used in the industrial field other than the medical field due to the large scale of objects

and long-term monitoring. To monitor structures in the long term and inspect large
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structures like pipeline, the widely used optical NDE techniques include optical fibre,

infrared thermography, and endoscopy.

The optical fibre method uses the optical fibre to collect and sense the light signals
from the tested object. It is known that the light properties in fibre system such as
intensity, phase wavelength and transit time can be quantitatively impacted by strain,
temperature, and pressure. It is most successfully used in the field of civil engineering
[1-3]. Another successful application is the embedded fibre in composite material for
monitoring the health of composite material [4-6]. To monitor the health of a large
object, multiple discrete optical fibre sensors are distributed at various locations of the

object to form a monitoring network which is a hot NDE research area.

The infrared thermography (IR) technique uses the invisible infrared light emitted
by an object to inspect flaws on the surface or sub-surface due to the temperature
difference. There are two kinds of IR: passive and active [1]. Passive IR measures the
temperature difference between the object and ambient with different temperatures. In
comparison, active IR differs the object from the surrounding by heating up or cooling
down the object. The active IR is commonly used in NDE due to its controllability.
Various active IR methods have been developed in recent years, such as pulsed
thermography [7], pulsed eddy current thermography [8] and ultrasonic lock-in
thermography [9].

Endoscopy was first used for medical examination and currently can be used to
nondestructively evaluate defects on the internal surface of a sealed object. The
endoscopic NDE technique has rapidly improved with the development of computer
and charge-coupled device (CCD) image sensors [1,10,11]. Combined with state-of-
the-art information techniques (IT), the endoscopy and other optical NDE techniques
can implement remote control and intelligent identification of defects or lesions
[10,11].

3.2.2 Ultrasonic NDE technique

Ultrasonic inspection, which uses ultrahigh frequency mechanical wave to locate
and identify defects in a structure is one of the most important NDE techniques. Unlike

optical NDE techniques, the ultrasonic NDE technique can detect both surface and
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internal discontinuities and is preferable to long or large structures like pipeline and
storage tank [12,13,14].

Ultrasonic testing is based on rapidly time-varying deformations in solid materials,
which is generally referred to as high frequency acoustics. There are four principal
modes of sonic waves based on the ways of vibrations, i.e., longitudinal waves, shear
waves, Rayleigh waves and Lamb waves [12]. In longitudinal waves, the particles
oscillate along the longitudinal direction or the direction of wave propagation since
expansion and compression forces are applied on the particles of solid as shown in Fig.
3.1a. For shear waves, the oscillations occur in the direction transverse to that of
propagation as illustrated in Fig. 3.1b. The waves that travel on the surface of solid
material and penetrate to a depth of one wavelength are called Rayleigh waves or
surface waves as seen in Fig. 3.1c. Lamb waves propagate parallel to the tested surface
throughout the thickness of the material, and there are two most common vibratory

modes of Lamb waves: symmetrical and asymmetrical modes (see Fig. 3.1d).
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Figure 3.1. Four principle modes of ultrasonic waves. (a) Longitudinal wave, (b)
Shear wave, (c) Rayleigh wave, (d) symmetric and asymmetric Lamb waves. [12]

The ultrasonic waves are excited from electrical pulses, and the reflected
mechanical vibrations are transformed back to electrical signals. This is the basic
mechanism of ultrasonic testing. The conversions between electrical pulses and

mechanical vibration need an active medium to convert the electrical energy to
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acoustic energy and vice versa. The various acoustic transducers based on their active
elements can be classified into two main kinds: piezoelectric transducers (PZTs) and

electromagnetic acoustic transducers (EMATS).
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Figure 3.2. Various configurations of EMATS. (a) Lorentz force EMAT [22], (b)
Magnetostrictive EMAT generation and sensing of a longitudinal wave in a
ferromagnetic pipe directly [21], (c) Magnetostrictive patch transducer for generating
omnidirectional Lamb waves in a plate [23], (d) Magnetostrictive patch transducer for
generating shear waves in a pipe [21].

Piezoelectric transducers (PZTs) use the piezoelectric effect of a polarized material
such as quartz crystal and piezoelectric ceramic to excite and receive ultrasonic waves
[15]. The sonic beams produced by PZTs straight emitting into a solid material to
detect flaws that are parallel to the surface of the material are called straight beams
[12,16]. The angle beam transducers reduce the concentrated energy and expand the
inspection range. For example, in an angle welding structure test, the straight beam is
hard to arrive at the testing area [17]. Nowadays, the popular studies of PZTs are
inspection fatigue cracks using the non-collinear shear wave mixing method [18,19]

and building of transducer arrays [14].

46



Analogous to PZTs, Electromagnetic acoustic transducers (EMATS) transduce the
electrical energy to mechanical vibration and converse the received mechanical
vibration to electrical pulses. But the EMATS are based on different physical principles
from PZTs, and they can act without couplant. When a meander coil is placed near the
surface of an electrically conducting metallic material and fed into a current with
designed frequency, eddy current will be induced in the surface region of the material.
The dynamic eddy current in the material will experience Lorentz force when a static
magnetic field is present [20,21,22]. This kind EMATS are Lorentz force EMATS as

shown in Fig. 3.2a.

The other type of EMATS is magnetostrictive. The phenomenon that the shape of
ferromagnetic material changes with an applied magnetic field is called
magnetostriction. Inversely, the change in dimension of a magnetised ferromagnetic
material caused by external stress will change the status of magnetisation of the
material, which is the Villari effect. Besides, when a ferromagnetic material is subject
to a static field and a dynamic field orthogonal to the static field direction, a shearing
deformation will be generated in the material, i.e., the Wiedemann effect. A number
of EMATSs have used these magnetostrictive phenomena to directly generate and
receive ultrasonic waves in ferromagnetic materials [24,25]. The other
magnetostrictive EMATS use thin magnetostrictive patches which are adhered to on
the surface of a tested object [21,23,26]. The different configurations of
magnetostrictive EMATS are shown in Fig. 3.2b ~ 3.2d. As EMATS are easy to tailor-
make for a specific purpose and have several advantages such as good sensitivity, long
range inspection, contactless potential, and the capability to generate high-powered
shear waves, the use and design of EMATS have drawn more and more researchers’

attention.
3.2.3 Radiographic NDE technique

Roentgen first discovered X-rays in 1895, and the international unit of exposure
dose for X-ray is named after him. X-rays and gamma rays (y-rays) are part of the
electromagnetic spectrum but invisible. They are electromagnetic waves but act
somewhat like particles with no charge and mass, referred to as photons. These rays
can travel straight regardless of the influence of electrical and magnetic fields but can

be absorbed to different extents by different materials. The radiographic NDE
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technique uses the different penetrations of X-rays or y-rays in the materials of a tested

object and defect to evaluate the health of the structure [27].

The main principle of radiographic NDE is using the radiation emitting towards a
test specimen in front of a photographic film and recording the image of the
specimen’s internal structure on the film due to the penetrating ability of X-ray. The
mental or solid specimen can absorb some of the radiation. The amount of energy
absorbed by a material depends on its thickness and density. Thus, a greater proportion
of the absorption will occur at the thicker and denser materials [28]. The energy not
absorbed by the material will cause exposure to the film. Since the absorption
magnitude of the radiation depends on the thickness and density of the material, the
air in discontinuities such as holes and cracks present in the mental or solid specimen
will cause variations in the radiation intensity transmitted, which are recorded in films
[27,28].

To reduce the test time especially the lag time between the specimen exposed to
radiation and the resulting image, a real-time radiographic NDE technique has been
developed to display results on a screen rather than on a film [29]. The real-time
radiographic NDE significantly increases the inspection efficiency and allows

engineers to inspect entirely and automatically [30,31].

In addition to defect inspection, X-rays can also be used to evaluate the properties
of materials such as chemical composition and residual stress [32]. The X-ray
diffraction (XRD) technique for evaluating the properties of materials is based on the
diffraction of collimated X-rays from periodic atomic planes or crystal lattice and the
angle of the diffracted signal as shown in Fig. 3.3a. The conditions that are essential
for the diffraction to occur via constructive interference is given by Bragg [33]

nAX = 2d0 Sin(90) (31)

where n is the order of diffraction, Ax is the X-ray wavelength, do is the lattice spacing
and 6o is the angle of the diffracted beam. Different lattice planes are obeyed different
diffracting conditions and varying intensities of the diffracted signal according to the
crystal structures and phases. Consequently, each phase could produce a characteristic
diffraction pattern that allows quantitative identification [32].
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Residual stress is a type of mechanical stress that remains in the material even free
of external stress and changing temperature. As residual stress is self-equilibrated, the
tensile stress in an area is always equilibrated by compressive stress nearby. It results
in zero net stress shown in the bulk material [34]. It is not easy to be nondestructively
evaluated. XRD is one of the most successful methods to identify residual stresses. It
is based on the change of the angles caused by the alteration of the atomic lattice
spacing to determine the strain inside the material as shown in Fig. 3.3. The strain ¢
defined by the stress-free lattice spacing do and lattice spacing residual stress d, is

given as

ds—do (3.2)
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Figure 3.3. Diffraction of X-ray in a crystal lattice for (a) stress free condition and (b)

residual stress condition [32].

The XRD method requires the precise measurement of lattice spacing for stress-free
material. When the evolution of the lattice spacing d is plotted as a function of sin?y
(y is the angle between scattering vector and the normal to the specimen surface), a
linear relation is resulting for simple cases, for example, a case of shot-peened 5056-
0 aluminium [35] as shown in Fig. 3.4. This is the widely used sin?y method [36],
which allows the calculation of residual stress by measuring the lattice spacing in at

least two different yiangles.
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sin?y

Figure 3.4. Linear relation between lattice spacing and sin?y for shot-peened 5056-0

aluminium [35]

In addition to the previously discussed phase and stress, the XRD is sensitive to
texture and grain size, which usually introduce measurement errors to the results.
Besides, the small spatial resolution of XRD leads to time consumption for broad
specimen testing. But XRD is a commonly accepted and time proved NDE technique

for phase analysis and residual stress measurement.
3.3 Macromagnetic NDE Techniques

3.3.1 Eddy current

A time-varying current feeding into an excitation coil will create an alternating
magnetic field when an electrically conducting material is placed in the alternating
magnetic affected region. An eddy current (EC) will be induced in the material
according to Faraday’s Law as discussed in Chapter 2. Meanwhile, the induced eddy
current generates a magnetic field opposite the primary one generated by the coil per
Lenz’s Law as shown in Fig. 3.5. The interaction between the secondary field
generated by the eddy current and the primary magnetic field is sensed by pick-up
coils or other magnetic sensors such as a Hall effect sensor. The presence of defect
will result in a change in the impedance of pick-up coil and output voltage of the
magnetic sensor. EC technique uses the interaction of these magnetic fields, which can
be affected by the lift-off of the coil, the geometry of the specimen surface, the

conductivity and the permeability of the material.

In practice, the magnetic flux generated by the coil is perpendicular to the surface

of the tested specimen, and the induced circulating current is parallel to the surface as
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illustrated in Fig. 3.5. The circulating current density decreases exponentially with the
depth, known as the skin effect [37]. The effect indicates that the eddy current will
concentrate near the surface adjacent to the coil as the impediment of the opposing
field will decrease with depth. The standard penetration depth of eddy current dec in a
conductive material is generally defined as a depth where the current density reduces
to 1/e (around 37%) of the density at the surface of the material. It is determined by

the exciting frequency f, the conductivity oe and permeability x of the material

1

o, =
ec nfopu

(3.3)

Hence, the excitation frequency should be carefully selected for a given material to
assure the defects can be detected. The single frequency eddy current is widely used
for surface flaws inspection. To obtain the best sensor response, the sensor needs to
properly design for inducing the greatest eddy current density near the defect [38]. The
single frequency EC method is easy to operate. Still, its limitation is apparent as well,
i.e., its effectiveness is limited since it is well-designed to evaluate only one or two
kinds of defects [37].

Primary magnetic field
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\ { oi
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T

Electrically conducting sample
Figure 3.5. The eddy current induced in electrically conducting sample [39].

To improve the efficiency of the EC technique, the multifrequency eddy current
technique has been proposed and used to analyse flaws with complex shapes and
identify defects in the presence of various conductivity, permeability, geometry and
lift-off [40]. As there are a few discrete frequencies carrying by the excitation current,

it is difficult to perform quantitative measurements and generate visualisations of the
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data. Therefore, the combination of neural network and artificial intelligence have

been popular recently [41,42].

Pulsed eddy current (PEC) is another popular NDE technique and has developed
rapidly in recent years [39,44,45]. PEC uses a large pulsed current feeding into the
excitation coil. The transient change of excitation current will induce an eddy current
in the tested material. It consists of a continuum of frequencies in broadband that
improves the multifrequency eddy current. The transient pulse is rich in the low
frequency components, which are preferable to detect subsurface flaws. Different
frequency components carrying the information of different depths facilitates the

possibility of quantitative evaluation of the cracks inside the material.
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Figure 3.6. (a) Optical microscopic image of a sample etched with Nital solution (the
bright region is ferrite) and the relation between the ferrite grain size in DP steel and
the normalised impedance. (b) Optical microscopic image of a sample etched with
sodium metabisulfite solution (the dark region is martensite) and the relation between

the percentage of martensite and the normalised impedance [43].
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Figure 3.7. The impedance and phase angle curves vs various tensile stresses [47].

EC has a strong potential for evaluating the microstructure and residual stress due
to its sensitivity to the properties of materials [43,46,47]. The change of the
microstructure of material could directly affect the electromagnetic properties of the
material, such as permeability, which would further influence the response of the EC
signal. Fig. 3.6 gives examples of EC measurements on the grain sizes of dual-phase
steel and the percentage of martensite phase [43]. When external stress is applied on
a tested specimen, according to the magnetomechanical theory discussed in the
previous chapter, the magnetic properties such as permeability will change so that the
EC signal will be altered subsequently. The features of EC, such as impedance and
phase angle used to evaluate the stress applied on the tested specimen, are shown in
Fig. 3.7 [47].

3.3.2 Magnetic flux leakage

Magnetic Flux Leakage (MFL) is one of the most economical, reliable, efficient and
widely used NDE techniques for examining the presence of defects in a ferromagnetic
material. When a ferromagnetic specimen is applied to an external magnetic field, it
will be magnetised along the direction of the applied field. Suppose there is no defect
in the sample. In that case, the magnetic flux is concentrated in the material, and it
forms a closure-flux with a magnet or electromagnet used to supply magnetic field.
When a magnetic sensor is scanning the surface of the specimen, a healthy signal will
be detected as shown in Fig. 3.8a. If there is a defect or discontinuity in the surface or
subsurface, the magnetic flux will leak out the material near the defect due to the
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sudden permeability change. The sensor scanning result shows a pulse signal as shown
in Fig. 3.8b.
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Figure 3.8. The principle of magnetic flux leakage technique. (a) Healthy condition,

(b) defective condition.
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Figure 3.9. The schematic diagram of the dipole model of magnetic flux leakage
presented by Zatsepin and Shcherbinin for a notch defect [48].

To analyse and interpret the measured signal, Zatsepin and Shcherbinin (Z-S dipole
model) [48] presented an analytical model based on the assumption of magnetic dipole
charges for a notch defect as shown in Fig. 3.9. The cross-section of the defect is in
the xy-plane, and the defect is symmetric about the yz-plane. The z-axis does not show
in the schematic diagram due to the simplification of the 2-dimensional (2D) model.
According to the assumption of magnetic dipole, one of the defect walls is assigned
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with the positive magnetic charge density (north polarity) while the other wall
possesses the negative one (south polarity). The width and depth of the defect are 2a

and b, respectively.

Infinitesimal element with a length of dl along the defect wall carries a positive
magnetic charge of dp (dl % pg), which produces a magnetic field of dH; at a point

P(x,y) in the free space. The leakage magnetic field dH is given as

1
where r1 is a vector pointing from the element of dl to point P and rz is the norm of
the vector or the distance between dl and P. similarly, dH2 produced by the negative

charges on the other defect wall is expressed as

1
dH, = E:—;dp (3.5)
where r2 and rz are the vector pointing from dl to point P and the distance between dl
and P.

Besides, the differential forms of axial (Hx) and radial (Hy) components of the

leakage field are

(x+a) _ (x—a)

[ [(x+a)?+(y-1)?]

S| di (3.6)
[(e-a)?+(y-1)2]2]

3
2

dH, =22| 00 0D g 3.7
[[(x+a)2+(y-D?]2  [(x—a)?+(y-D?]z]

where -b <1 <0 and the magnetic charge density pq can be determined by the equation
[49]

pg = L D (3.8)

(n+uy)tan=1n

where n is related to the demagnetising factor and n=b/a. The typical leakage flux
distribution obtained using Equations (3.6) ~ (3.8) has been proved adequate to

describe experimental results as shown in Fig. 3.10.
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Figure 3.10. The simulated (a) axial and (b) radial components of MFL signal using

Z-S dipole model to approximate the experimental results [50]
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Figure 3.11. The tangential and normal components of the MFL signal induced by

local flaws and loss of metallic area defects [51].

There are two main types of defects: local flaw (LF), such as broken wire and pitting
defect, and loss of metallic area (LMA), such as wear damage and corrosion. Fig. 3.11
shows the axial and radial components of the leakage flux density induced by local
flaws and the loss of metallic area defects [51,52]. The width between two peaks of
the radial component or the half peak of the axial component is used to identify the
width of defect inversely. The peak-to-peak values of the radial or axial components

are employed to assess the depth of defect inversely.

The Z-S dipole model has been improved to 3D for a cylindrical surface breaking

defect in a magnetised ferromagnetic material [53,54]. The material is magnetically
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saturated by an external magnetic field, and the magnetisation in the material is
assumed to be locally constant. Fig. 3.12a shows a small cylindrical defect on the
surface of the material. Its radius and depth are R and b, respectively. Compared with
the 2D model, the arbitrary point P(x,y,h) has an additional coordinate h along the z-

axis known as lift-off. The magnetic charge on the infinitesimal element dS is given

by
dp = pydS = M - ndS = MsinfdS (3.9

where M = Mj is the surface magnetisation vector and n is the unit normal vector going

into the defect. Then, the leakage magnetic field at point P due to the elemental charge

dp is given by
__dp __ Msin6ds
dH = 4nr3’  4mr3 (3.10)
where
dS = Rdzd6 (3.11)

r = (x — Rconf)i+ (y + Rsin)j + (h — 2)k (3.12)

M= [;] H (3.13)

u—Ny(u—-1)

The precondition for the establishment of Equation (3.13) is that the defect is shaped
as an oblate spheroid with major axis and minor axis, and Ny is the demagnetising
factor along the y-axis [55]

_ 1 m2 . _1[Vvm2-1
Ny—m[mSln ( m >—1 (314)

The radial MFL signal computed using Equations (3.10) ~ (3.14) is compared with the
experimental one as shown in Fig. 3.12b. These signals show good agreement, which
indicates the feasibility of this model.

In practical cases, the analytical models would not meet the requirement of MFL
simulation due to the complex geometry and the imponderable demagnetising factor.
The finite element method (FEM) is a preferable technique to simulate the magnetic
field for the design of the MFL system and the selection of sensor [56,57]. FEM has
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been used to find and verify a few methods and phenomena, such as the magnetic

compressive effect [58] and velocity effect [59] on MFL.
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Figure 3.12. (a) The schematic diagram of 3D dipole model of magnetic flux leakage
for a cylindrical defect [53]. (b) The comparison of computed and experimental radial
MFL signals [54].
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Figure 3.13. (a) The MFL signal detected by TMR sensor. (b) The linear relation
between depth of pitting defect and amplitude of MFL signal [57].

One of the factors that plays a critical role in quantitative MFL inspection is the
magnetic sensor. Conventional MFL systems employ permanent magnets to provide
high-intensity magnetic fields and pick-up coils to sense the MFL signal [52].
However, the intensity of the flux leakage field may be very weak in the uT range
[60,61] that is undetectable by the traditional pick-up coil. Hall effect sensors and
magnetoresistive (MR) sensors have propelled the significant improvement of the

MFL technique. Okolo et al. [61] used a Hall effect sensor to detect a hairline crack
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successfully. Pelkner et al. [62] used a giant magnetoresistance (GMR) based
magnetometer to sense a crack with a depth less than 50 um. The ongoing development
of MR elements offers a new kind of MR that has superior performances over GMR,
namely tunnel magnetoresistance (TMR) [63]. It has been used in MFL inspections
recently [51,57]. Fig. 3.13 shows the ability of TMR sensor in detecting tiny pitting

defects and the linear relation between depth and amplitude of MFL signal.

3.3.3 The effect of stress on magnetic flux leakage

The magnetic flux leakage profiles simulated by the analytical models have been
validated and proved to be in good agreement with measured results. According to the
theoretical models, the main parameters impacting the amplitudes of detected MFL
signals are the sensor lift-off [64], the size of defect [57,64], and the magnetic
properties [65] of the tested specimen. These factors and another inspection parameter,
namely scanning velocity [59], have been studied by numbers of investigators. For a
specific inspection system and specimen, these parameters are determined except for

the magnetic properties, which could be further influenced by stress.

As discussed in the previous chapter, the applied stress could significantly vary the
magnetic hysteresis loop, consequently, the magnetic properties. Langman [68] has
observed the decrease of the flux density by a factor of about six as the increase of 120
MPa tension perpendicular to the magnetic field reduces in mild steels at lower field
strengths (~400 A/m). Therefore, the action of stress on MFL is necessary to
investigate for the accurate evaluation of the shapes and sizes of the defect. To improve
estimating the sizes of pit defects on a hydraulic pressure vessel, Mandal et al. [69]
have experimentally investigated the influence of hoop stress on MFL signals induced
by pits. It has experimentally shown that the hoop pressure in the pipelines could
decrease the amplitude of the MFL signals by more than 40% as shown in Fig. 3.14a.
To further evaluate the effect of stress on MFL signals, the experimental results were
fitted with the analytical Z-S model as shown in Fig. 3.14b. Since the stress parameter
was not involved in the model, only the fitting value of the linear density of magnetic

charges in the model was used for qualitative discussion [69], [70].
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Figure 3.14. (a) Axial component MFL signals for 0 MPa, 176 MPa and 242 MPa
hoop pressure [66]. (b) A fitting of the Z-S model for the axial field with the axial
MFL data for 0 MPa and 242 MPa by using the magnetic charge density 62.7 and
37.72, respectively [67].
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signals obtained from various tensile stresses [71].

The stress-dependent J-A model was combined with the magnetic dipole model

through magnetisation in [71]. The extended model has successfully predicted the

effect of the tensile stress on the MFL signal induced by a cylindrical through-hole

defect on a tensioned dog-bone specimen. The peak-to-peak amplitude of MFL
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(MFLgp) has been experimentally shown to increase by 24% when applying 100 MPa
stress in tension as seen in Fig. 3.15. Besides, the predicted dependency of MFLyp on
the applied tensile stress could well fit the measured data with a coefficient of
determination higher than 0.99. The details of the improved model will be presented
in Chapter 4. Nevertheless, the analytical formulas are limited to simple geometries
where the stress concentration can be analysed. Therefore, in more complicated
situations, the leakage fields need to be calculated using numerical methods, such as

finite element modelling.

The pioneering finite element modelling of the MFL field by Hwang and Lord [72]
paved the way for the numerical analysis of defect-induced MFL signals. Significant
progress has been made in this area with improvements in computational capabilities
by considering non-linear material properties [67,73] and coupling them with stress
[66,74,75]. Ivanov et al. [74] incorporated stress distributions into the magnetic FEM
model by varying the permeability in the region under stress. Babbar et al. [66]
introduced stress information into the magnetic FEM model by adjusting the
permeability variable. Zhong et al. [75] built a FEM model to simulate the metal
magnetic memory (MMM), which operated in the reversible magnetisation region.
The MMM method could qualitatively evaluate defects rather than quantitatively

identify defects due to relatively large errors.

FEM simulations of stress-induced MFL signals are more challenging to achieve
than situations without stress since the magnetic permeability, magnetisation, and
demagnetisation are stress dependent and nonlinear functions of the applied field. In
order to solve the coupled magnetomechanical problem in defect reconstruction from
MFL signals, a Multiphysics FEM model will be presented in Chapter 4 by

interlinking the physics of mechanics and magnetics.

3.3.4 Magnetic hysteresis loop

The magnetic hysteresis B-H or M-H loop is the fundamental characteristic of a
ferromagnetic material. The hysteresis properties such as differential relative magnetic
permeability u,., coercive field Hc and remanence M, or By (see Fig. 2.2) are sensitive

to factors like stress, grain size, heat treatment and the microstructure.
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It is a proven technique to use hysteresis loops for evaluating the microstructures
and performance of ferromagnets. Raghunathan et al. [76] extended the typical J-A
hysteresis model to two phase materials using the Boltzmann function. The
measurement in [77] verified the hysteresis curve of the composite, which was mixed
by cobalt manganese ferrite (soft phase) and barium hexaferrite (hard phase) powders,
was magnetically coupled by the hysteresis loops of soft and hard phases (see Fig.
3.16). The heat treatment evaluation using magnetic parameters of hysteresis loops
having been reported in various papers [78-80]. Besides, the magnetic hysteresis loops

are a vital characteristic to evaluate the performance of a permanent magnet [81].
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BaFe(2019

Magnetization, A/m
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Figure 3.16. (a) Microstructure of the two-phase composite sample including soft
phase cobalt manganese ferrite (green circle) and hard phase barium hexaferrite (blue
circle). (b) Hysteresis loops for soft phase, hard phase and two-phase materials [77].

Evaluation of the carbon content of steel components using hysteresis loops is a
feasible area in NDE. Batista et al. [82] employed various magnetic properties of
hysteresis loops such as coercive field, relative permeability and saturation
magnetisation to investigate the carbon content in steels. Jiles [83] also investigated
the carbon content in AISI 1000 series carbon steels using hysteresis loop
characteristics such as initial permeability, coercive field, and anhysteresis
permeability. The evaluation of carbon content in steel will be further discussed in the
applications of MBN.

3.3.5 The effect of stress on hysteresis loop

The effect of stress or magnetomechanical effect characterises the change of
magnetic properties of ferromagnetic material when subjected to external stress. A

number of investigators have reported the effect of stress on hysteresis loops. In
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Langman’s measurements [68], the shapes of hysteresis loops of mild steel changed
considerably under stress. Kwun and Burkhardt [84] experimentally showed the
significant influence of stress on hysteresis loops of steels. Atherton and Jiles [85]
found that the anhysteresis and hysteresis curves were both sensitive to stress and
theoretically interpreted the effect of stress on magnetisation. Attempts to develop a
mathematical model for explaining the effect of stress on hysteresis has been made.
But it was not an easy task as there was no direct hysteresis parameter such as coercive
field, remanence and permeability uniquely related to the effect of stress. Hence, the
theory based on the ideas of domain process and domain wall motion [85,86] had a
hope to interpret the results of the effect of stress. Szpunar et al. [87] empirically
determined the magnetic parameters changing with stress. And Sablik et al. [88] were
the first ones to theoretically proposed the mathematic model of magnetomechanical

hysteresis.

Evaluation of stress in ferromagnetic material using the properties of hysteresis loop
is of interest in NDE. When a ferromagnetic material is subjected to uniaxial applied
stress, the effect of stress can be equivalent to an effective magnetic field H,, which
leads to changes in the magnetic properties such as coercivity and permeability. The

stress equivalent magnet field H, is given as [88]

3 oA

Ho =50 (ﬁ)” (3.15)

The effects of stress on anhysteresis and hysteresis parameters such as susceptibilities
of anhysteresis at the origin x, susceptibilities of hysteresis at coercive field y;;_and
the coercivity field Hc have been reported by investigators, including Langman [68],
Kwun et al. [84], Jiles et al. [85] and Sablik et al. [88]. And Garikepati et al. [89]
combined the anhysteresis magnetisation with Equation (3.15) to obtain an equation
for the dependence of the reciprocal of the susceptibilities at the origin y_,, on stress

1 1 __ 3bo
thzn (0) thzn (o) Ko

(3.16)

where b is a proportional coefficient of magnetostriction 4 and magnetisation M based
on the parabolic approximation 4 = bM?2. The prediction using Equation (3.16) was
proven to be in good agreement with experimental data for AISI 4130 steel subjected

to various stresses shown in Fig. 3.17.
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Figure 3.17. (a) Anhysteresis susceptibility at the origin as a function of stress. (b)

Reciprocal anhysteresis susceptibility at the origin as a function of stress [89].

However, it should be noted that the approximated coefficient b is only constant

within a limited range of stresses and the relation between magnetostriction 4 and

magnetisation M is only parabolic at low levels of M. Consequently, the dependence

of maximum magnetisation Mmax, the anhysteresis susceptibility y,, and relative

permeability at coercive field u,.,_on the applied stress may fail in prediction

according to the sign of 64/0M.
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Figure. 3.18. (a) Anhysteresis magnetisation curves measured for a nickel sample

under various tensile loads. (b) Anhysteresis magnetisation curves obtained for 18%-

Ni maraging steel under various tensile stresses [91].
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Figure 3.19. (a) The hysteresis loops obtained for low carbon steel under various
stresses. (b) The hysteresis loop parameters as a function of the applied static elastic
stress [91].
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Figure 3.20. (a) Magnetostriction curves for 0.86wt% carbon steel subjected to
various tensile stresses. (b) Hysteresis loops for 0.86wt% carbon steel under different

tensile loads [92].

Fig. 3.18 shows that the anhysteresis magnetisation increases with the increasing
tensile stress when the sign of 64/0M remains positive while decreasing in the case of
negative coefficient b. But for most steels, there is an occurrence of local extremum
of H, at some critical intermediate value according to the following equation [90]

Ha — 3()’11:]/120) oM (317)
0

Therefore, the magnetic properties may also present local extrema, for example, the
remanence and maximum relative differential permeability as functions of stress for
low carbon steel shown in Fig. 3.19. Besides, as discussed in the previous chapter, the

0//OM is positive at low-level magnetisation but may become negative at the high
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magnetisation region. For example, the magnetostriction measurements for 0.86 wt %
carbon steel are shown in Fig. 3.20a. In this case, the stress equivalent field H, reduces
the total effective field and decreases the magnetic properties of the hysteresis loop,

as seen in Fig. 3.20b.

3.3.6 The effect of temperature on hysteresis loop

In addition to the effect of stress, the effect of temperature on hysteresis loop is a
critical factor that should be considered in hysteretic NDE. It is known that the lower
the temperature (> OK) is, the higher the spontaneous magnetisation. According to
Weiss theory [78], an exchange field where individual magnetic moments interact with
each other could lead to the existence of critical temperature (i.e., Curie temperature)
below which the thermal energy of the electronic moments is insufficient to cause
random paramagnetic alignment. The temperature dependence of spontaneous
magnetisation is approximately given as [93,94]

TC‘T)BI (3.18)

Tc

M(T) = M,(0) (

where Ms(0) is the spontaneous magnetisation at 0 K, T¢ is the Curie temperature of
the ferromagnetic material and f1 is the critical exponent that depends on the

representative mean field interaction.

Following an analogous way of spontaneous magnetisation, other parameters of the
J-A model, including the pinning coefficient k, the domain density a, the domain
coupling o and the reversibility coefficient c, have been extended as a function of

temperature.

As the first approximation, the pinning coefficient is approximately equal to the
coercivity. Since the coercivity field exponentially decreases with the increase of
temperature in a ferromagnetic material, the pinning factor k is expected to vary

exponentially with temperature as

K(T) = k(0)eFaTe (3.19)

where k(0) is the pinning coefficient at 0 K, and p- is the critical exponent for the

pinning factor and is approximated to be f1/2.
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Similarly, the domain density, a, exponentially decays with temperature as

-T

a(T) = a(0)ehsTc (3.20)

where a(0) is the domain density at 0 K and Sz is the critical exponent for domain

density, which is approximated to be f1/2.

The domain coupling, a, which represents the strength of magnetic interaction
between domains in isotropic material can be expressed as [95]

a=——— (3.21)

At higher anhysteretic susceptibilities, y;,, the contribution of the second term to
domain coupling is negligible and hence substituting the expression for scalar Ms and
a from (3.18) and (3.20) respectively yields as a first approximation

«(T) = a(0)e T =Dy A (3.22)

where a(0) is the domain coupling at 0 K.

And the reversibility factor, c, is treated in an analogous way to that of domain

coupling, a, and, for isotropic materials, is expressed as [95]
3a
c=2xh (3.23)

where y;, is the initial susceptibility which is assumed as constant. By substituting the

expression for Ms and a from (3.18) and (3.20), respectively, gives
G2 (Te=T B
c(T) = c(0)e FaTd (=) ~Fx (3.24)

where ¢(0) is the reversibility factor at 0 K.

Furthermore, as the values at absolute zero such as Ms(0) and k(0) are impossible to
be measured, Li et al. [96] has extended the model to normal temperature by given a
fiducial temperature To (298K) and given the corrected formulas as follows

Tc—T
Tc=To

M(T) = Mu(Ty) (Z5)" T < T, (3.25)
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2(Tc=T)

k(T) = k(Ty)e FiTc T <T, (3.26)
2(To-T)
a(T) = a(Tye FiTe T < T, (3.27)
2(To-T) _ -B
a(T) = a(Ty)e FiTe (H) " T<T, (3.28)
c— 1o
2(To-T) _ -B
o(T) = c(Tp)e Fife (-=) ", T<T, (3.29)
c— 1o
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Figure 3.21. Temperature dependence of magnetisation curves in a substituted cobalt
ferrite material [94].
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Figure 3.22. (a)The major hysteresis loops for Fe-Si non-oriented steel measured at
different temperatures, (b) the minor hysteresis loops for Fe-Si non-oriented steel
measured at different temperatures [96].
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The example plots of measured and simulated hysteresis loops using Equations
(3.18) ~ (3.24) for substituted cobalt ferrite (with Curie point at 550K) at 10 K, 200 K
and 400 K are compared in Fig. 3.21. The modelled hysteresis loops using Equations
(3.25) ~ (3.29) and the corresponding measured results are shown in Fig. 3.22b. It can
be found in Figs. 3.21 and 3.22 that the maximum values of magnetic flux density
decreased with the increase of temperature for both materials at various applied
magnetic field strengths. The coercive fields of the major hysteresis loops were
observed to decrease with temperature (see Figs. 3.21 and 3.22a), but for the minor
hysteresis loops, the reverse happened (see Fig. 3.22b). A few investigators have
further computed the maximum permeability of hysteresis loops for non-oriented steel
under various temperatures [97,98]. Their results showed that the permeability at low
flux density increased with temperature while the opposite applied at high flux density.
This phenomenon has also been found in other ferromagnetic materials, such as carbon
steels [99,100]. Therefore, before applying the temperature-dependent hysteresis
model, it is important to determine the magnetic flux density range of magnetic NDE
methods. In this thesis, the magnetic flux leakage and Barkhausen noise will work in
relatively high magnetic fields. Hence, the temperature-dependent hysteresis model
used to analyse the thermal effect on magnetic flux leakage and magnetic Barkhausen
noise will be modelled for the major hysteresis loop and presented in chapters 5 and
6.

3.3.7 Commercially available system for macromagnetic measurement

In addition to the laboratory sensors/systems mentioned above, there are several
commercially available electromagnetic systems for macromagnetic measurement.
They use various macromagnetic properties extracted from eddy current and hysteresis
loop to characterise the microstructural and mechanical parameters of samples. The
representative systems include the Impulse Magnetic Process Online Controller
(IMPOC), Harmonic Analysis Coil Online Measuring (HACOM) system and

EMspec® sensor system.

The IMPOC system is based on two identically constructed measuring sensors
arranged on the top and bottom sides of the strip. Each measuring sensor comprises a
magnetising coil and a measuring coil. The magnetising coil excites a pulsed magnetic

field to magnetise the steel strip and the measuring coil inspects the gradient of the
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residual magnetic field strength on the upper and lower side of the strip. The measured
residual magnetisation gradient is then correlated to mechanical properties of the steel
strip (i.e. tensile strength and yield strength) using a mathematical model [101-103].
The system could measure moving strips up to a speed of 900 m/s. The measuring
error of IMPOC system could be less than 10% [101]. But it should be noted that the
IMPOC system is sensitive to lift-off changes between the material surface and sensor.
In practice, especially in monitoring hot strips, it would be difficult to control lift-off
at the head and tail of steel strips, which would cause further error in IMPOC reading
[103].

HACOM is a type of hysteresis measurement system that could provide a non-
destructive determination of direction-dependent mechanical properties (e.g. tensile
stress and yield strength) as well as material properties (e.g. anisotropy and strain
hardening) [102,103]. The system uses relatively low sinusoidal magnetic field at four
different frequencies between 20Hz and 5kHz to magnetise samples. The
magnetisation of the sample runs through hysteresis loops exciting induction signals
in a receiving coil which is further analysed using fast Fourier transform (FFT) to gain
the harmonic spectrum. Due to symmetry reasons, only odd harmonics will appear in
the sine and cosine terms. The system is sensitive to external EM noise. Hence, the
environment where many sources of external EM noise exist could lead to errors in
HACOM measurement. Thus, the HACOM system requires magnetic shielding when
deployed online. The system is also sensitive to lift-off. Therefore, the lift-off effect

may also influence HACOM measurement.

EMspec® (Electromagnetic Spectroscopy) sensor array system has been developed
for monitoring steel phase transformation. EMspec® sensor consists of an H-shaped
ferrite yoke, one excitation coil, one active sensing coil and one dummy sensing coil
[104,105]. The excitation coil runs simultaneously at multiple frequencies ranging
from a few Hz to tens of kHz and the magnetic field experienced by the target steel is
low, which corresponds to the Rayleigh region. The active sensing coil detects the
voltage induced in the steel by the exciting coil, while the dummy coil combined with
the sensing coil zeros the signal when there is no sample present. The inductance
versus frequency spectrum, which is affected by the target steel sample permeability
and resistivity, is calculated by a digital signal processor (DSP) based on an FFT of
the excitation current and the induced voltage [104,105].
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The basic principle of measuring the amount of transformation phase fraction is that
each inductance spectrum corresponds to a microstructure of a certain amount of
ferrite phase statistically mixed with the austenite phase. A zero-crossing frequency
(ZCF), which is the frequency where the inductance goes to zero, is characterised by
the effective electrical resistivity and low field magnetic permeability of the steel strip
under measurement [104,105]. The advantage of using the ZCF to determine the low
field magnetic permeability is that it is relatively insensitive to the variation of lift-off
distance compared to the inductance itself [105].

3.4 Micromagnetic NDE Techniques

Micromagnetics is a field of physics dealing with the behaviour of ferromagnetic
magnetic at sub-micrometre length scales [106—108], which are much larger than the
atomic structure of the material, whereas small enough to resolve magnetic structures
such as magnetic domain and domain walls. Micromagnetic NDE techniques are based
on the micromagnetics theories to evaluate the macroscopic material properties and
mechanical properties. The well-known micromagnetic NDE technologies are
magnetoacoustic emission (MAE) and magnetic Barkhausen noise (MBN)

3.4.1 Magnetoacoustic emission and magnetic Barkhausen noise

Magnetoacoustic emission (MAE) is closely related to the magnetic Barkhausen
emission. MAE is an effect of the generation of low level acoustic bursts due to sudden
discontinuous changes in magnetisation involving localized strains or
magnetostriction. A broadband ultrasonic transducer could detect these acoustic bursts.
Microscopic magnetostrictive pulses cause these bursts via the creation, motion, and
annihilation of non-180° domain walls during the magnetisation process. MAE was
first observed by Lord [78] and applied by other investigators [109,110]. Since the
number and volume of non-180° domain walls are affected by uniaxial stress, the
amplitude of MAE for ferromagnetic materials is stress-dependent. It was observed by
Gorkunov et al. [111].

The magnetic Barkhausen Noise (MBN) is generated by the irreversible motion of
magnetic domain walls when they break away from pinning sites in the ferromagnetic
materials subjected to a changing magnetic field. During the domain walls motion and
transition, pinning sites, local microstructural defects, stress, and so on jointly

contribute to the discontinuous stepwise jumps [112], which can be detected by the
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search coil near the surface of the sample. Therefore, the MBN technique is capable
of various NDE fields, such as residual stress [113], hardness [112], and anisotropy
[114]. The frequency range of MBN for NDE applications is usually 10-500kHz, so
according to Equation (3.3) for penetration depth, the obtained emissions originate

from the surface layer.

Traditionally, MBN measurement systems consist of a computer, electronic
components such as an amplifier and filter, a magnetising unit, and a sensor or probe
consisting of a pickup coil and a ferrite core. The magnetising unit used to excite the
magnetic field can be formed by an open loop solenoid or a close loop electromagnetic
yoke wound by enamelled wire [115]. In applications, a close loop electromagnet is
popularly chosen [116]. In some cases, a flux sensing coil or feedback coil for

controlling the currents can also be placed in the magnetising leg [117].

Magnetising Coil
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|_—
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Figure 3.23. The schematic diagram of a typical Barkhausen noise measurement setup.

For the sensing unit used to detect Barkhausen emissions, the main component is a
cylindrical coil that can pick up the pulse change of flux density generated by the
domain walls suddenly passing through pinning sites. Since the air coil has relatively
low sensitivity, a soft ferromagnet core such as ferrite core is usually inserted into the
air coil to increase the sensitivity of the sensing unit [118]. The sensing unit is
generally positioned between electromagnet legs at the magnetised region of the

surface of a sample. The typical MBN measurement system is shown in Fig. 3.23.
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The original signal measured by the MBN sensor contains the low frequency
component derived from the magnetising current and the high frequency Barkhausen
emissions. To obtain the MBN signal only as illustrated in Fig. 3.24a, a band-pass
filter within a few kHz to around 100kHz is used to eliminate the low frequency
component and the super high frequency noise. There are various methods to analyse
the MBN signal, such as the pulse numbers and frequency spectrum. Due to the
stochastic nature of the Barkhausen emissions, the widely used method is the root
mean square (RMS or MBNms) voltage as shown in Fig. 3.24b.
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Figure 3.24. (a) Raw Barkhausen emissions obtained for carbon steel. (b) Extraction
of the smoothed envelope of MBNms distribution.
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It has been proven that the MBN is a potential NDE technique for the evaluation of
material properties, such as residual stress [113], hardness [112], and anisotropy [114].
In comparison, these studies were made with different magnetising currents and
frequencies. The MBN profile could significantly be affected by the magnetising
currents since the magnetic properties related to the MBN signal would change. The
measurement and the analysis of high magnetising current, i.e., saturation
magnetisation, would provide more information about different phase features and
gradients in properties. In the case of a low magnetising current, the applied voltage
could correspond to the magnetising current with less hysteresis distortion. It is well
known the peak value of MBN increases with the increase of applied current or voltage
as shown in Fig. 3.25 [115,119]. Fig. 3.25a shows that the higher current could provide
more information as it could supply enough energy to excite two peaks of the MBN

profile.
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Figure 3.25. (a) The MBN profile measured on the case-carburized bar sample with
different magnetising currents [115]. (b) The MBNms measured on the hot-rolled non-

oriented electrical steel with different magnetising voltages [119].

Besides, it was experimentally shown that the shape of the MBN signal depended
on the frequency of magnetisation and the resonant frequency of the pick-up coil
[115,119-121]. The most intuitive change of MBN profile is the peak value of MBNrms
increasing with the excitation frequency increase as shown in Fig.3.26 [119-121]. Itis
known that the MBN signal level is related to the number of domain walls and their

extent of displacement at a given instantaneous magnetisation field [122]. The increase
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in excitation frequency contributes to the increase in the number of domain walls,
which leads to the increase in MBN level [123]. Since the MBNm;s is obtained by
averaging Barkhausen emission pulses over a suitable time interval, the overall
increase in MBNms with the excitation frequency shown in Fig. 3.26 could be
attributed to the increase in domain wall activity due to the increasing rate of change
of magnetisation in the material. However, the excitation frequency would influence
the peak height of MBNms and affect the magnetisation by adding classical and excess
eddy current losses [124]. Therefore, in addition to the increase in height, the increase
of excitation frequency would result in broadening the MBNms but reducing the
features of MBN profile, as shown in Fig. 3.27 [115].
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Figure 3.26. (a) The MBNms measured on the hot-rolled non-oriented electrical steel
with different magnetising frequencies [119]. (b) The MBN envelopes measured on

TRIP steel with various magnetising frequencies [121].

It is also well known that the MBNms profile strongly depends on the resonant
frequency characteristics of the pick-up coil. The pick-up coil with a larger number of
turns will have better sensitivity and better response in the lower frequency range,
while the lower number turns coil will shift its resonant frequency to a higher
frequency range with worse sensitivity [115,120]. Moorthy [119] has experimentally
shown (see Fig. 3.28) that for the case-carburized sample with a gradient in material
properties along with the depth, it became increasingly challenging to detect MBN
signal caused in the deeper subsurface due to the shift in the resonant frequency of
pick-up coil to the higher frequency range. Hence, the pick-up coil with a resonant
frequency in a low frequency range can be used to detect the MBN signal from the
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deep subsurface, while the higher frequency resonant coil can be useful for detecting

the near-surface properties by minimizing the influence of deeper subsurface.
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Since MBN is sensitive to microstructure (such as texture, grain size, composition),
it has been proven that the microstructure of ferromagnetic material could significantly
influence MBN signals. And in turn, MBN is a considerable potential NDE technique
for characterising the microstructure of ferromagnetic materials. Most MBN
applications are conducted on isotropic material, whereas it is also a promising method
for characterisation of the microstructure-induced anisotropy of ferromagnetic
materials, e.g., grain-oriented (GO) electrical steel [114,125] and non-oriented (NO)
electrical steel [119]. The magnetic anisotropy of ferromagnetic materials is originated
from the dependency of magnetic properties on the direction of the magnetic field.
There is a preferred direction called the easy axis, which is more easily magnetised at
a certain magnetic field. The main reasons that cause the magnetic anisotropy in steel
are attributed to the magnetocrystalline structure, grain shape and stress [78,126]. In
industrial applications, to obtain specific materials, annealing and the rolling process
would be used. For example, in GO steel, the unique Goss texture ({110}<001>)
results in the alignment of the easy axis (<001>) to the rolling direction, which leads

to a strong MBN signal in this direction as shown in Fig.3.29.
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Figure 3.29. (a) Goss texture of GO electrical steel. (b) Polar plot of the MBNms for
the GO electrical steel [125].

The non-oriented electrical steel usually consists of mixed texture, which has
weakly magnetic anisotropy on macroscopic scale. But the NO steels are usually
manufactured under two-stage cold rolling with intermediate annealing. After the first
cold rolling, the annealing could recrystallize and decarburize the steel, and the

annealing after the second cold rolling can remove residual stress and obtain the
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desired random orientation of grain growth [127]. During the process, there is still
inherent anisotropy in its magnetic properties at angles to the rolling direction due to
the heavy deformation and elongation, but much less pronounced than in GO steel,
which has been experimentally verified as shown in Fig. 3.30 [119]. The simulation
of the anisotropic MBN is a difficult task due to the change of magnetic properties at
the angles to the rolling direction. But attempts have been made to model the
anisotropic materials [128,129]. Upadhaya et al. [129] identified the parameters of J-
A model in different measurement directions and gave the direction-dependent
anisotropic parameters by fitting the measured results. This model has been
experimentally verified in their study. The effect of microstructure-induced
anisotropic on MBN signal and the directional MBN model will be presented in
Chapter 7.
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Figure 3.30. (a) The microstructure and texture of the NO steel after cold rolling. (b)
The measured MBNms and texture factor as a function of angle to the rolling direction
[119].

MBN is originated from the magnetic domain walls motion during the
magnetisation process. Its correlation to the microstructural properties is evident. In
carbon steel, its characteristics and distribution are governed by the microstructures,
including single and multiple iron-carbon metallurgical phases. According to the Iron-
Carbon phase diagram, the common types of phases present in carbon steel at room
temperature are ferrite, cementite (FesCmi, FesCnand FesCi) and pearlite, whose grain
size, iron crystalline structure and amount of carbon atoms in the lattice are different
from each other as shown in Fig. 3.31. Therefore, they would perform different
magnetic properties.
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Ferrite is iron containing an extremely minimal amount of carbon. At room
temperature, ferrite is a relatively soft magnetic material, and it comprises iron atoms
organised in a body centred crystalline structure. Its solid solubility or the amount of
carbon dissolved in ferrite is practically zero at room temperature, and the solubility
increases to only a maximum of 0.02% at 723°C. The right-hand side of the diagram
represents cementite, also known as iron carbide, which is formed by the combination
of iron and carbon containing 6.67% carbon. Compared with the low mechanical (high
ductility and low strength) and magnetically soft (in terms of coercivity) ferrite,
cementite shows high mechanical and magnetic hardness. Thus, the relative volume
fraction of the ferrite and cementite phases gives rise to the final mechanical and
magnetic properties of the steel. In carbon steel, which generally contains less than 2%
carbon in weight, the mixture of ferrite and cementite turns to a lamellar (thin plate

like layers) microstructure referred to as pearlite.
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Figure 3.32. (a) MBN envelop peak height and position as a function of carbon
content [131]. (b) Maximum MBN amplitude as a function of carbon content [82].

With the increase of the carbon content, the soft phase ferrite decreases while the
harder phases pearlite and cementite increase proportionally. Therefore, the carbon
content in steel corresponds to the volume fraction of phases and further refers to the
mechanical properties of steel. Since Barkhausen noise and hysteresis loop are
sensitive to the microstructure of ferromagnetic material, they have been used to
evaluate the carbon content in steel [82,83,131,132]. Jiles [83] has experimentally
shown that the coercivity and hysteresis loss increased while the initial permeability
decreased with carbon content. The different types of cementite, i.e., the normal
lamellar pearlite and the dispersed spheroidised structure were analysed and
demonstrated that the pearlite is more effective in blocking the movement of magnetic
domain walls. The correction between MBN envelope peak amplitude and carbon
content of steel has also been investigated [131]. The measured results illustrated that
the peak height of MBN envelopes increased with carbon content until they reached
0.65% carbon in weight and then abruptly decreased beyond this point (see Fig. 3.32a).
While the measurements of Batista et al. [82] shown that the MBN envelopes had two
peaks either increasing or decreasing with carbon content from 0% to 1.5% carbon in
weight (see Fig. 3.32b). To avoid the contradiction of MBN peak value, Zhang et al.
[132] extracted parameters with two fitted Gaussian curves to MBN profiles, and the
gaps between two peaks of Gaussian fitted curves presented a linear dependence on
carbon content. But it may only be feasible for low carbon steel since when the percent
of the carbon in weight higher than 0.26%, it could be predicted that the gap would

increase again. Therefore, to combine a few magnetic techniques and a few features
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of a NDE technique is a potential method to quantitatively evaluate the carbon content

of steel, which will be discussed in Chapter 8.

3.4.2 The effect of stress on magnetic Barkhausen noise

In early applications of MBN, it was found that the peak amplitude of MBN in steel
increased with the increase of stress in tension, while decreased with the increase of
stress in compression [133,134]. The previous chapter has discussed the origin of
MBN on the microscale. When applying a sufficient magnetic field, the domain walls
were forced to overcome the local pinning sites such as inclusion, dislocations, and
precipitates. The discontinuous and irreversible domain wall motion was one of the
most important mechanisms by which the MBN was caused. The other mechanisms
included the discontinuous rotation within a domain and the inversion of
magnetisation in single domain particles [78]. Among them, the discontinuous domain
motion and rotation contributed to the Barkhausen effect largely. The domain motion
and rotation would be significantly influenced by stress as discussed in the previous
chapter. Hence, the level of Barkhausen emission could have a noticeable change with

stress.

As aforementioned in Section 3.3, the stress was treated as an equivalent field H,,
which depended on the type of stress (compression and tension) and the differential
function value of magnetostriction vs magnetisation (04//0M). When external stress
was applied to the magnetised material, the domain structure changed to a new optimal
configuration due to the additional magnetoelastic energy. The magnetoelastic energy
E; was related to the magnetostriction 4 and external stress o. If the external stress was
uniaxial and parallel to the direction of magnetisation, the energy was proportional to
the product of magnetostriction and stress, which was either positive or negative as

expressed in Equation (2.32).

Following an analogous argument to hysteresis, when analysing the stress-
dependent MBN, the following conditions could be considered: (1) The sign of ¢ - %

Is positive, and the direction of the applied magnetic field is parallel to the direction
of stress. The stress equivalent field H, further enhances the effective field He and
consequently increases the velocity of domain wall motion to pass the pinning sites

allowing larger Barkhausen jumps than those in stress free condition. Therefore, in

81



this case, the higher stress leads to the higher MBN amplitude as shown in Fig. 3.33a.

(2) The sign of ¢ - % IS negative, and the direction of the applied magnetic field is

parallel to the direction of stress. The stress equivalent field H, further weakens the

effective field He and consequently decreases the velocity of domain wall motion to

pass the pinning sites resulting in lower Barkhausen jumps than that in stress free

condition. Therefore, in this case, the higher stress leads to the lower MBN amplitude

as shown in Fig. 3.33b.
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The Barkhausen activity usually occurs near the coercive field Hc, where the
differential susceptibility dM/dH arrives at its maximum value. If the rate of change
of magnetic field dH/dt is fixed, the rate of change of magnetisation with time dM/dt
reaches a maximum at the coercive point, resulting in the maximum Barkhausen jumps
in a given interval. Generally, the maximum value of the MBNms envelope is
proportional to the intense extent of Barkhausen jumps. Therefore, the trends of the
peak values of MBNms are analogous to the maximum Barkhausen jumps. Lo et al.
[137] incorporated the effect of applied stress into the differential irreversible
susceptibility y;,.,. by altering the effective interdomain coupling parameter aeff and the
pinning coefficient kerr. The differential irreversible susceptibility y;,, deduced from

magnetomechanical hysteresis model was given as

Man—Miyy

(3.30)

X{TT = k ffts 30 922
(50 )lerr+ G2 (33 ¥tam =i
where Man and Mirr were the anhysteretic and irreversible magnetisations, respectively.

The ket Was given as

(glso(l—cosze))

2m

keff = kO — Ny (331)

where ko was the pinning coefficient in the case of stress free, no was the pinning sites
density, € was the angle between stress ¢ and the domain magnetisation, m was

magnetic moment, and As was the saturation magnetostriction. And aefs was given as

where o was the mean field interdomain coupling parameter and b was the
magnetostriction coefficient from the parabolic approximation of the measured

magnetostriction curves.

The differential irreversible susceptibility y;,.. was subsequently used to simulate
the Barkhausen emission signal based on the stress-dependent hysteretic-stochastic
process model of domain wall dynamics. The extended model rewritten in terms of
rate of irreversible changes in magnetisation Mirr was governed by

d(poMyrr) — 1 (dHa _ de) _ toMyrr (3 33)
dt oGS \ dt dt OGS Xirr '
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where dHa/dt and dHp/dt were the rate of change of applied field and the local pinning
field, respectively. The stress dependence of the values of MBNms envelope
(normalised with respect to the values at 0 MPa) together with the simulated ones were
shown in Fig. 3.34a.

@

N\

s
1.1+ O o n -
c‘ﬁiﬂ = '\'\‘_ = 1/MBN Peak Amplitude
E 8 51 —— Linear fit
F 101 é—bﬁl 3 :
k| |
B o £ E T~
=] & P
= [m} ©
€ 05 4
E Dﬁﬂ & ‘\.
24
% 0.7 o O  Experimental é W = 0.0056. + 57104 \\r\.
£ o A Modeled 33 e o 0
7z 08 o T 5 R?=0,9983 ]
3] I8
@

800 -500 400 -300 -200 -100 O 100 200 300 400 500 600 T T T T T T
0 200 400 600 800 1000
Stress (MPa '
( ) Applied Stress o, (MPa)

(a) (b)

o

Figure 3.34. (a) Comparison of measured and modelled MBNms (normalised) for
AISI 410 stainless steel as a function of applied stress [137]. (b) Reciprocal of MBN
peak amplitude for the Carburized SAE 9310 sample as a function of applied stress
[138].

Mierczak et al. [129] proposed an alternative and much simpler method of stress
evaluation using the reciprocal of the Barkhausen signal amplitude. It was known that
in soft magnetic materials the maximum anhysteretic differential susceptibility y g,
was approximately equal to the maximum differential susceptibility at the coercive
point y_[78,138,139]. The maximum differential susceptibility was proportional to
the peak value of MBN signal. Therefore, the dependency of the reciprocal of
Barkhausen peak amplitude on stress was given by

MBNpk(0)  MBNpi(0) Uo

1 1 3b'o

(3.34)

where MBNpk (0) and MBNpk (o) were the peak MBN voltage under stresses of zero
and o, and b' was an adjustable empirical model parameter with respect to the
magnetostriction coefficient b and the parameters of ABBM model [140]. This relation

had been verified experimentally as shown in Fig. 3.34b.

84



3.4.3 The effect of temperature on magnetic Barkhausen noise

It has discussed the thermal effect on hysteresis loop related to magnetic properties
above. It has been known that the Barkhausen emission was originated from the
magnetic properties of ferromagnetic material. Thus, the change of temperature would
give rise to the alternation of MBN. It has been experimentally verified that the
MBNms decreased with the increase in temperature [141-144]. Altpeter [141]
observed that the MBNms amplitude of the compact cementite specimen disappeared
at its Curie temperature. Wang et al. [142] and Guo et al. [143] found the decrease in
the MBNms as the increasing temperature under free of applied stress for A3 and Q235
steels, respectively. Ding et al. [144] also experimentally showed the decrease in both
longitudinal and transversal MBNrms as the increasing temperature plotted in Fig.
3.35a.

However, the temperature rarely independently affects the MBN signal. The
environmental temperature may lead to a thermally induced stress where, for example,
tens or even hundreds of MPa of stress values can be reached in a seamless track of
high-speed railway [144,145]. Since the MBN is sensitive to stress [137-139], thermal
stress could result in a noticeable MBNms change. Hence, it is necessary to understand
and distinguish the mechanism of the effects caused by temperature and thermal stress

and evaluate these effects on MBN quantitatively.

To the best knowledge, few attempts have been made to theoretically describe the
combined effects of temperature and thermal stress on the MBN measurement.
However, the process has been made in recent years. The most notable attempt to
mathematically describe the Barkhausen emission was made by Alessandro, Beatrice,
Bertotti and Montorsi (ABBM) [140], who proposed a model of the effect based on a
stochastic process. The model was extended to the entire hysteresis loop by Jiles,
Sipahi and Williams (JSW) [146], who assumed the Barkhausen activity in a given
time interval was proportional to the rate of change of magnetisation. Subsequently,
Jiles [147] modified the differential susceptibility dM/dH as dMir/dH to eliminate the
influence of reversible magnetisation that rarely induces Barkhausen activity. Lo et al.
[137] used an extended hysteretic stochastic model, introducing the magneto-
mechanical effect, to simulate the influence of stress on Barkhausen emission.

Mierczak et al. [138] found the linear dependency of the reciprocal peak amplitude of
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MBN signal on stress and proposed a method for evaluating the effect of stress. Wang
et al. [142] and Guo et al. [143] investigated the temperature effect of stress detection
using MBN and proposed an analytical model base on the average volume of
Barkhausen jump as shown in Fig. 3.35b and 3.35c.
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Figure 3.35. (a) The thermal effect on MBNrms for rail [135]. The thermal effect on
stress detection using MBN for (b) EN36 steel [142] and (c) Q235 steel [143].

To theoretically describe the relation between Barkhausen emission and
temperature, the J-A hysteresis model that has exerted latent capacity to introduce the
effects of stress [148] and temperature [93,94] is adopted. The methods to
guantitatively evaluate the direct temperature effect and the combined effect of

temperature and thermal stress on MBN will be presented in Chapter 6.

3.4.4 Commercially available system for micromagnetic measurement

There are several commercially available Barkhausen measurement systems that are

being used to measure mechanical properties and material microstructures. The widely
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used systems are the micromagnetic multiparameter microstructure and stress analysis

(B3MA) system and Microscan 600 system.

3MA system previously based on magnetic Barkhausen noise and magnetic
tangential field analysis has further integrated incremental permeability and eddy
current impedance measurements [149,150]. By using an electromagnetic sensor step
by step in a time-multiplexing mode, these NDE techniques are selected, and the
different measurement quantities are measured and digitised. These techniques are
sensitive to mechanical properties since the relevant microstructure governs the
magnetic behaviours of material under mechanical change, such as tensile load and
hardness [149,150]. However, the application of the multiple-parameter approach is
not an easy task. Each magnetic parameter is associated with several mechanical
properties such as hardness, tensile stress and yield stress. Therefore, the magnetic
parameters need the calibration process where the material characteristics of interest
are expressed in terms of polynomials of the measurement quantities. After decades
of development, the unknown expansion coefficients in the model have been estimated
by using calibration specimens with well-proven and destructively determined
reference values [150]. Since the new materials emerge one after another, the

calibration work will be continuous.

The Microscan 600 system supplied by Stresstech Ltd. is based on the Barkhausen
effect to evaluate variation in stress and microstructure in a wide range of
ferromagnetic materials as well as control surface quality and test near-surface defects
[151]. It mainly includes the Barkhausen noise analyser (Rollscan series), which
comprises the power supply and data acquisition card, and the Barkhausen sensor,
which contains the magnetising and probing circuits. The analyser is a full-featured,
self-contained unit but also can be connected to the PC via LAN port using the
Ethernet cable. The sensor is coupled to the analyser via the LEMO multi-pin interface
[136]. There are many sensors making Microscan 600 systems flexible such as the flat

sensor for plate surface inspection.

During measurement, the sinusoidal voltage feeding in the primary coil generated a
magnetic flux in the ferrite yoke, which was enclosed via ferrite pole pieces and the
magnetised volume of the tested specimen underneath the sensor. The Barkhausen

emissions from the magnetised section of the tested sample were detected in the form
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of voltage pulses induced in the pick-up coil wound on a ferrite probe. The output
voltage from the pick-up coil is subsequently amplified with the low noise AD797
operational amplifier and digitised by data acquisition card with sampling frequency
of 2.5 MHz. The digitised data are recorded in PC hard disk for post-processing, such
as yielding the RMS value of MBN [119,136]. The system provides a wide range of
magnetising frequencies from 1 Hz to 1000 Hz and the magnetising voltage from 0
Vpp (peak-to-peak voltage) to 16 Vpp. It also provides 10 kHz to 70 kHz band-pass
filter and 70 kHz to 200 kHz filter [151]. In addition to the aforementioned features,
the Microscan 600 system possesses good stability and resists electromagnetic
interference [136]. Therefore, Microscan 600 system is used to detect Barkhausen
emission in this thesis. Its schematic diagram will be depicted in chapter 6 and its
applications for evaluation of the effects of temperature and anisotropy will be

introduced in chapters 6 and 7, respectively.
3.5 Chapter Summary

This chapter has introduced the main NDE techniques, including non-magnetic and
magnetic, to evaluate the integrity, microstructure, and mechanical properties of
ferromagnetic material. The applications, advantages, and disadvantages of various
NDE methods were discussed. Details of magnetic NDE techniques, especially MFL
hysteresis loop and MBN, and the previous work on the investigations of the effects
of stress, temperature and microstructure on these magnetic techniques were

introduced.
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Chapter 4

Evaluation of the Effect of Stress on Magnetic Flux Leakage

Evaluation of the effect of stress on magnetic flux leakage (MFL) signals caused by a
defect is a complicated task due to the nonlinear coupling of magnetics and mechanics.
In this chapter, an analytical model to facilitate the evaluation is introduced, and a
finite element model to solve more complex defects is proposed. The analytical model
extends the dipole model for a tensioned sample with a cylindrical through-hole defect
by considering the stress concentration, which leads to the heterogeneous distribution
of magnetisation along the defect surface. Classic Timoshenko's theory is used to solve
the localized compressive stress and tensile stress around the defect. The J-A model is
employed to determine the stress-dependent magnetisation distribution. In
comparison, the finite element model uses solid mechanics and magnetic modules to
simulate the stress-induced magnetisation distribution in a dog-bone like rod with a
cylindrical square-notch defect. MFL signal induced by the defect along the sensor
scanning line is extracted from the converged solution. The analytical and numerical
models are verified by experiments on a tension plate with cylindrical through-hole
and a tension rod with cylindrical square-notch, respectively. The measured peak-to-
peak normalised amplitudes are consistent with the results predicted by both models.
In the analytical model, the peak-to-peak amplitude of the normalised MFL signal
demonstrates the parabolic dependency on the applied tensile stress. In the finite
element model, both the simulated and measured results show a similar linear
dependency of the peak-to-peak amplitudes of the normalised MFL signals on the
applied stress.
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4.1 Introduction

The magnetic flux leakage (MFL) method is commonly used to nondestructively
evaluate the damage in ferromagnetic materials due to its reliability, high efficiency,
and cost-saving. In MFL applications, specimens are magnetised, and magnetic flux
leaks due to sudden changes in magnetic permeability of the materials near geometric
discontinuities. The leakage flux is detected by an MFL sensor, and the detected signal
is then used for the inverse problem of assessment of the sizes of defects. The inverse
problem has, however, many challenges. For example, stress, which is a common
condition, affects the MFL signal considerably as discussed in Chapter 3. In this case,

if applied hastily, the inverse problem will lead to a significant error in defect sizing.

Mandal et al. [1,2] have experimentally shown that circumferential hoop stress
generated by in-service pipelines could decrease the amplitude of MFL signals by
more than 40%. Wang et al. [3] found that tensile stress of 100MPa applying on a dog-
bone specimen with a cylindrical through-hole could cause an increase of 24% in peak-
to-peak amplitude of MFL signal. Therefore, to accurately evaluate the sizes of

defects, it is necessary to consider the effects of stress on the MFL signals.

To accurately evaluate the effect of the stress on MFL signal, a few researchers have
made attempts to fit analytical outcomes to experimental results mathematically.
Mandal et al. [2] used analytical models of Zatsepin-Shcherbinin (Z-S model) [4] and
Edwards-Palmer [5] to fit experimental data under different stresses by altering the
densities of magnetic charges. However, the values of magnetic charge densities were
changed deliberately rather than varied as a function of stress. Hence, this method
might not be appropriate to size defects quantitatively under stress. Inspired by the Z-
S model, several dipole models [6-8] were proposed to predict the MFL signal induced
by defect considering the nonlinear magnetic behaviours of ferromagnetic material.
Furthermore, Wang et al. [3] proposed the improved dipole model by introducing the

magnetomechanical Jiles-Atherton (J-A) model into the traditional dipole model. The
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improved dipole model will be introduced in the following section. The model could
accurately predict the effect of stress on MFL signal induced by the regularly

geometric defect.

However, for a defect with a complex geometry that a fully analytical description
of the stress concentration around the defect is virtually impossible as well as the
calculation of its demagnetising factor, the analytical model will no longer be
applicable. Besides, the analytical model only considered the stress distribution along
the surface of the defect rather than the whole stress concentration area. There might
be interactions between regions near the defect. In addition, even small stress applied
to a defect with a regular and simple geometry may transform the defect into one with

a (much) more complex geometry due to deformation.

Compared with mathematical models, the finite element method (FEM) can
compete with analytical methods due to its flexibility in simulation and reveal the
overall perspective of stress-dependent magnetisation. The pioneering finite element
modelling of the MFL field by Hwang and Lord [9] paved the way to the numerical
analysis of defect-induced MFL signal. Subsequently, significant progress has been
made in this area by considering non-linear material properties [10] and coupling with
stress [11] due to the improvements in computational capabilities. Ivanov et al. [11]
incorporated stress distribution into the magnetic FEM model varying the permeability
in the region under stress. Babbar et al. [12] introduced stress information into the
magnetic FEM model by adjusting the permeability variable. In these studies,
adjustments of simulation results aimed to fit the measured were performed by
changing one or more magnetic properties [10-13], which may not correspond to
reality. FEM of stress-induced MFL is far more difficult since stress varies a number
of magnetic properties of ferromagnetic material, including magnetic permeability,
magnetisation, and demagnetisation. Zhong et al. [14] built a FEM model that coupled

concentrated stress to simulate the metal magnetic memory (MMM) method in the
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reversible magnetic field. However, the MMM method could be used to qualitatively
evaluate defects rather than quantitatively identify defects due to relatively large

errors.

In order to solve the coupled magnetomechanical problem in defect reconstruction
from MFL signals, a multiphysics FEM model is proposed in this study by interlinking
the physics of mechanics and magnetics. To test the model, COMSOL Multiphysics
software, a commercial FEM environment that has solid mechanics and AC/DC (i.e.,
magnetics) modules available is chosen. The solid mechanics module is used to
calculate stress distribution of a tensioned dog-bone like rod sample including the
stress concentration around a circumferential square-notch defect on the rod, while the
AC/DC module is employed to simulate magnetization under stress, via Jiles-
Atherton-Sablik (J-A-S) [15,16] theory incorporated into the AC/DC module. The
experiments are conducted to verify the feasibility of the proposed FEM model.
Finally, the quantitative prediction about the effect of stress on the MFL signal is

achieved.
4.2 Analytical Model of Stress-dependent MFL [3]
4.2.1 Dipole modelling of stress-dependent MFL

4.2.1.1 Stress concentration

Before modelling the stress-dependent MFL, it is necessary to know the stress
distribution around the defect. It is well known that a defect in a structural component
can cause significantly greater stress around the defect than the surrounding region,
which is called stress concentration. Unfortunately, there are only limited cases where
the stress concentrations can be described analytically. Therefore, the stress-dependent
MFL model is only suitable to limited cases, for example, the cylindrical through-hole
defect in a tension plate as shown in Fig. 4.1. The cylindrical through-hole defect is
located in the centre of the plate with a thickness of b. The radius (R) of the defect is
assumed to be much smaller than the width (W) of the plate. The tensile stress (oo) is
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aligned to the positive direction of the y-axis. The top surfaces of both the plate and

defect are in the xy-plane, and the defect is symmetric on the xz-plane.

Assuming the tensile stress (o0) is uniform, the stress concentration induced by the
defect is shown in Fig. 4.1. According to the analytical expressions reported by
Timoshenko [17], in xy-plane, the stress distribution around the defect with a radius

of r can be expressed as,

arz%(l—i—z)—@(1+3ri:—ﬂ)c0529 4.2)

2 T2

o R? o 3R*

Og = 70(1 +r—2) +?°(1 +r—4) cos26 4.2)
oo 3R*  2R%\ .

Trg = ?(1 _T_4+T_2) sin26 (43)

In the particular case where r = R, the radial stress (or) and shear stress (z,4) are zero.

The angle component of the stress (ay) is
09 = 0o(1 + 2c0s20) 4.4

At the direction with an angle of & = 0 or § = =, the angle stress is about 3g0. When

the angle is @ = /2 or 3w/2, the stress becomes compressive with a magnitude of oo.
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Figure 4.1. The stress distribution around the cylindrical through-wall defect [3].

4.2.1.2 Stress-dependent hysteresis
It has been discussed in chapters 2 and 3 that for the case of coaxial stress and
magnetisation the effect of stress could be equivalent to a magnetic field H,, which

resulted in the change of magnetic properties of ferromagnetic materials. Subsequently,
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the stress equivalent field was substituted into the effective magnetic field He, it

arrived at

30 (04 ~
He—H+aM+%(ﬁ)—H+aM (4.5)

Then the typical J-A hysteresis model was rewritten as [3]

dMgn

d_M _ (1-c)(Mgn—M)+cké a0 (4 6)

dH k- (Mgn—M)

4.2.1.3 Stress-dependent MFL

The dipole model is extended based on the previous studies [6,18] to investigate the
MFL field induced by a cylindrical through-hole defect in a ferromagnetic plate
applying tensile stress as shown in Fig. 4.2. The surface of the defect along the
negative y-axis is assigned with the positive magnetic charge density (i.e., north
polarity), whereas the other half of the cylindrical surface is assigned with the negative

magnetic charge density (i.e., south polarity).

N =2 g dH,
z‘}
d d P(x.Y,2)
do -+ ==
>y
o {1 0,0 —
[
- i
K lp

Fig. 4.2. Dipolar representation of a cylindrical through-wall defect [3].

Taking an infinitesimal element with an area of dS along the defect surface for
instance, it is positioned at an angle of & from the positive direction of the x-axis. The
element carries a magnetic charge dp, which generates a leakage field dHwmrFL(o) at a

point P(x,y,z) in the space. The magnetic field of dHwmrc is calculated by

105



d
dHyr(0) = —=dp(0) (4.7)
where d is a vector pointing from the element of dS to the point of P(x,y,z) and d is the
distance between the dS and the point of P. The magnetic charge density p = M, - n,

where M, is magnetisation on the surface and n is the outward unit normal vector.

According to the previous dipole model [6], the magnetisation related to the surface

magnetic charge density (p) could be calculated by

_ ur(6)-1
M (6) = {urw)—zvy[ur(e)—ﬂ}He(e) (48)

Substituting the angle component of stress oy calculated by Equation (4.4) into
Equations (4.5) and (4.6) of the J-A model, the magnetomechanical magnetisation
along the defect surface can be determined, and the relative permeability of the

element at an angle @ from the positive direction of x-axis is given by

M(6)
H

ur(6) = (2 + 1) (4.9)

where Ny denotes the demagnetising factor corresponding to the y-axis and is given by

[19]

N, = %[(x/l—L—nzf arcsin(1 —n?) — 12;] (4.10)
where #=R/b<1. The exact value of the demagnetising factor of the infinitesimal
element on a cylindrical through-hole is hard to be analytically modelled so that
Equation (4.10) is an approximation. In practice, the MFL signals of different stress
cases are normalised to the peak amplitude of MFL signal under free of stress so that
the demagnetising factor can be avoided in the computation [6]. To investigate the
change in the amplitude of MFL signal caused by the applied stress, the entire defect
surface is assumed to have the same value of Ny. The magnetic charge density carrying

by the surface element dS is expressed as
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dp(o) = M, -ndS = M, (0)sin6dS (4.12)

Then, the spatial leakage field generated by the magnetic charge can be solved by
substituting Equations (4.8) ~ (4.11) into Equation (4.7)

_1df  w®-1 .
dHyri(0) = pore {#T(e)_Ny[ur(e)_l]} H,(0)RsinfdOdz (4.12)

The components of dHwmFL(e) in the Cartesian coordinate system are arrived at

dHyp1x(0) = 222 %% Rsingdfdz (4.13)
AHypy(0) = 2222 Rsingd6dz (4.14)
dHyp1z(0) = 222252 Rsingd6dz (4.15)

Equations (4.13) ~ (4.15) can be solved by the Newton-Raphson method. The
improved magnetic dipole model provides a way to investigate the effect of the stress

concentration on the MFL signals analytically.

It should be noted that the precondition of the successful application of this model
is that the defect size is far smaller than the sample size. Mandache and Clapham [18]
have experimentally and analytically investigated the interaction between two
adjacent defects. And their results showed that when the distance between the edges
of adjacent defects was equal to the radius of defect, the MFL peak amplitude in the
intersection dropped down to 40% of maximum value. When the distance doubled the
radius, the interacting MFL peak value increased to 65% of the maximum value. If
continuing to increase the distance to triple the radius, the MFL peak value would be
restored to its original maximum. Therefore, the width of plate W should be larger than
six times the radius of the cylindrical hole R. The widths of samples used in this
chapter and chapter 5 are much larger than 15 times the corresponding radii of the

cylindrical through-hole defects. The minimum distance between the defect wall and
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specimen edge is larger than six times the defect radius. Therefore, both of them could

meet the size requirements to eliminate the edge effect.

4.2.2 Verification experiments for the analytical model

Verification experiments for the analytical dipole model have been conducted on a
Q235 steel specimen with a cylindrical through-hole defect of 1mm in radius. The
sizes of the specimen and defect were shown in the inset in Fig. 4.3a. The defect was
centred at the centre of gravity of the specimen. A U-shaped magnetising yoke with
ferrite magnets was used to provide a steady static magnetic field along the tensile
direction for specimen magnetisation (Fig. 4.3b). The remanent flux density of the
ferrite magnet in the magnetic circuit was around 1500 G (0.15 T). A high sensitive
tunnel magnetoresistance (TMR) device of TMR2701 manufactured by the
MultiDimension Technology Co., Ltd. was used to measure the surface MFL signal
along the y-axis. The TMR device together with its power supply circuit was mounted
onto a linear guide rail. The location of the TMR device was adjusted by moving the
guide rail right above the y-axis with a lift-off distance of 0.5mm. The linear guide rail
was driven by a step motor to carry the TMR device scanning the specimen surface at

a speed of 10mm/s.

The specimens were annealed at 300 <C for 2 hours for residual stress relief. Then,
a commercial demagnetisation device was employed to demagnetise specimens. The
surface magnetic field strength of the specimens was measured after the
demagnetising process with a Gauss meter to make sure that the surface magnetic field

strength was lower than 1 G (in free space 1G = 79.58 A/m).

Prior to verification experiments, a healthy specimen was tensioned with a stress
increment of 20MPa until the stress reached 240MPa. At each stress level, the stray
field along the surface was measured with the TMR device. Then the dependency of
the stray field strength on the stress was used to evaluate the magnetostriction

coefficients.
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Figure 4.3. (a) Measured stress-strain curve of the Q235 steel and (b) the experimental

setup for measuring the surface MFL in the dog-bone tensile test specimen [3].

The verification experiment for the analytical model was carried out on the
specimen with defect, and the MFL signal was detected by the TMR device when the
specimen was subjected to various stress levels. According to Equation (4.4), the
maximum angle tensile stress along the surface of the through-hole defect was about
triple the applied stress. According to the measured stress-strain curve for Q235 steel
(see Fig. 4.3a), the maximum tensile stress applied on the specimens should be lower
than 300MPa to ensure the Q235 steel in the elastic deformation. Therefore, to avoid
the plastic deformation in the defective zone, the stress applied to the defective
specimen was limited to be lower than 100MPa. The applied stress increased from

OMPa to 100MPa with an increment of 10MPa.

4.2.3 Discussion for the analytical and experimental results

The chemical composition of Q235 steel was close to 0.2% wt carbon steel, so the
parameters of the J-A model for 0.2 wt.% carbon steel [20] were employed to represent

the magnetic properties of Q235 steel approximately. Before calculating the hysteresis
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loop under different stress states, the magnetostriction coefficient should be
determined. According to the Equation (4.5) for the stress equivalent effective field
Hs, the parabolic dependency of H, on the stress o reached an inflexion point when

the following equation was satisfied:

G+&—0_

20 (419

There was a linear correlation between the stray field and the equivalent field inside
the material. Hence, the measured results of the stray field strength under various
tensile stresses (Fig. 4.4) were used to determine the inflexion point of Equation (4.5).
The stray field along the healthy specimen surface was measured three times, and the
averaged results were fitted by a parabolic equation as shown in Fig. 4.4. The
symmetric axis of the fitted parabolic curve was at the stress point of 180MPa. To
satisfy Equation (4.16) and the convergence conditions of the solution of the J-A
model in the high stress level, the magnetostriction coefficients were selected as y11 =

-1.5X10 A2 m? and y12 = 4.17<102'"A2 m? Pal. All the parameters for analytical

simulation were listed in Table 4.1.
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Figure 4.4. Measured stray field strength when the healthy specimen was subjected to

different tensile stress levels [3].
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Table 4.1. The J-A model parameters for Q235 steel

J-A parameters Values Sources
Reversibility parameter, ¢ 0.0198
Pinning parameter, k 1154.6 Fitting the hysteresis loop
Domain density, a 499 1120 oy Wi ke
nonlinear optimisation
Saturation magnetisation, Ms 1.5743x10° algorithm [21]
Coupling factor, a 7.0921x10*
Magnetostriction coefficient, y11 -15x10A m? Extracted from the fitting
4.17x10%"A2 m? Pat curve in Fig. 4.4

Magnetostriction coefficient, y1»

150/
........... OMPa
— 50MPa
180
-~~~ 100MPa

210

G0

Figure 4.5. Predicted magnetisation along the defect surface when the specimen was

subjected to different tensile stress levels [3].

Both the hysteresis curves and the relative permeability under different stress
conditions could be predicted by Equation (4.6) of the J-A-S model. The stress-
dependent relative permeability ur(6) was assessed at the static magnetic field of H =
600A/m. Then the magnetisation of M,(#) could be evaluated with Equation (4.8)

when the angle of ¢ varied in the range of 0~2m. Fig. 4.5 showed the predicted
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distribution of M4(6) along the defect surface under the tension of 0Mpa, 50MPa and
100MPa. The magnetisation M,(6#) along the defect surface (in Fig. 4.5) was further
substituted into Equation (4.11) to calculate the magnetic charge density on the surface
element dS. Finally, the defect-induced MFL at a point was determined by applying
the integration operation to the entire surface of the defect. The predicted MFL along
the y-axis under the action of various tensile stresses was plotted in Fig. 4.6 and
compared with the measurement results. All the predicted and experimental MFL
signals were normalised by the maximum amplitude of the simulated and measured
MFL signal under OMPa tensile stress, respectively. It could be found that both the
shape and the maximum amplitude of the predicted MFL signals were approaching
the experimental results with a coefficient of determination higher than 0.98. It
indicated that the proposed dipole model was adequate to predict the stress-dependent

MFL with high accuracy.
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Figure 4.6. Measured (solid lines) and predicted (dashed lines) axial components of

MFL along the y-axis under different stress conditions [3].

The peak-to-peak amplitudes (Ap) of the normalised MFL signals were estimated
and plotted in Fig. 4.7 for quantitative evaluation. The predicted results could fit the
measured data with a coefficient of determination higher than 0.99. It demonstrated

that the improved dipole model was feasible to predict the effect of stress on MFL
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signal and also applicable to solve the inverse problem for estimating the shapes and
sizes of the defects when the stress was involved. It could also be found that tensile
stress of 100 MPa resulted in an increase of 23.74% and 22.04% in the measured and
simulated amplitudes of MFL signals respectively. To achieve defect sizing with high
accuracy, the effect of the tensile stress on the MFL signal should be considered in the
calibration process. The proposed improved magnetic dipole model provided a
valuable tool to evaluate the contribution of stress to the induced MFL signals and
might be used to solve the inverse problem for defect sizing or stress evaluation around
a defect with a given shape and size. For example, the model could predict that if the
radius doubled and other geometric parameters kept the same, the peak-to-peak values
of MFL signal parabolically increased by 22.52% between 0 MPa and 100 MPa. And
if the radius was extended to 3 mm, this model would predict a 23.36% increase of the
peak-to-peak amplitude in the tensile stress range from 0 MPa to 100 MPa. It could be
concluded that tensile stress would have a noticeable influence on this kind of defect.
Besides, the sizing errors that tensile stress introduced into the inverse problem of

MFL would vary from defect to defect.
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Figure 4.7. Measured and predicted peak-to-peak amplitudes of the normalised MFL
signals obtained from different tension conditions [3].
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However, there were several limitations of the proposed magnetic dipole model that
should be stated. First, prior knowledge of the material should be grasped, such as the
magnetic properties and magnetostriction. Second, only a few simple geometries
where the stress concentrations could calculate analytically could be solved by this
model. Last but not least, the model was not adequate to precisely deal with the defects

with complex shapes due to the difficulty in calculating the demagnetising factor.

4.3 Finite Elemental Model of Stress-dependent MFL

Due to the limited applications of dipole model for stress-dependent MFL, a
universal FEM used to investigate the relationship between stress and MFL signal
around a defect of a geometrical complexity is further proposed. In the case of such a
defect, it is hard to describe the stress distribution analytically. The dependence of
magnetic hysteretic properties on stress makes the problem even more complex.
Therefore, the finite element method is employed to simulate the real physical

phenomenon.
4.3.1 The simulation steps of FEM for stress-dependent MFL

4.3.1.1 Step 1: Solid mechanics module

In order to simplify the formulation and presentation of the theory, a two-
dimensional (2D) axisymmetric system, where geometries of sample and defect are
axisymmetric, is chosen. Nevertheless, a theory for standard three-dimensional (3D)
systems that lack symmetry can be formulated similarly. In addition, for the mechanics
study, quasi-static conditions are assumed, i.e., the stress in the system is considered
constant or varies much slower than the magnetic field. Besides, the simulation deals
with elastic stress rather than plastic stress as it may lead to nonconvergence due to

strong non-linearity in magnetic behaviour.

114



With these constraints in mind, and assuming the ferromagnetic material is a
mechanically isotropic medium, the following equilibrium equation can describe the

mechanical problem:

Vo+F=0 (4.17)
o, _1 0o 2
_lor r r 0z _ T : —
where V = o o 4| 0="(0r090,7,,)" isthestress tensor, F =

0 0

oz or ' r

(f, )T is the body force. The constitutive relation:
o = Dg (4.18)

is used, where D is the elasticity tensor of material expressed as:

1 22 0
1-v 1-v
v v
_ E@-v) |1-v 1-v (4.19)
(1+v)(1-2v)| v v 1 0 '

l1-v 1-v

0 1-2v
i 2(1-v) |

ou, u, 0uy Ju,
or ' r’ a9z’ or

where E is Young's modulus, and o is the Poisson's ratio, and € = (

duy, T, .
E) is the strain tensor.

Together with the geometrical constraints in the system, the solution to the
mechanical problem is obtained using the standard FEM approach implemented in the
solid mechanics module of COMSOL Multiphysics software. The results of these solid
mechanics simulations (i.e., distribution of stress in the ferromagnetic structure) are

stored and passed further as inputs for magnetic simulations.
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4.3.1.2 Step 2: AC/DC magnetics module

The solid mechanics simulations are performed under quasi-static conditions, while
the magnetic simulation needs to be dynamic due to the hysteretic nature of
ferromagnetism where the one-to-one correspondence between states of magnetisation
and the applied magnetic field is absent. Therefore, in the case of time-dependent
magnetic field H, the employment of hysteresis models is necessary to predict
magnetisation M value at a particular moment. In this study, the ferromagnetic
material of the specimen is chosen to be magnetically isotropic that follows the Jiles-

Atherton-Sablik (J-A-S) magnetomechanical hysteretic theory.

A typical algorithm to solve a time-dependent magnetomechanical problem is as

follows [22]:

(1) Magnetic field (H) is set as a sinusoidal (or triangular) function varying with time
(t). Generally, this magnetic field can be generated by feeding sinusoidal
alternating current into excitation coils. In this study, the first one-fourth of the
sinusoidal current is fed into Helmholtz coils to excite alternating magnetic field,
and then the current is maintained at the final value so that the magnetic field and
magnetisation can remain unchanged in subsequent calculations, as shown in Fig.
4.9. H(t), B(t) and He(t-At) start from H(0), B(0), He(0) and then are updated after
every loop.

(2) For the given actual time step magnetic field H(t+At), the magnetisation M(t) and
increment of magnetic field dH(t) can be calculated by

M(t) = B(t)/uo — H(t) (4.20)
dH = H(t + At) — H(t) (4.21)
where Lb is the permeability of free space. Then the effective magnetic field He(t)

and the increment of effective field dHe(t) are computed by
H,(t) =H(t) + (a + 3’;—") -M(@t)=H({t)+a -M(t) (4.22)
0
dH, = H,(t) — H,(t — At) (4.23)
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where a quantifies the tensor of domain coupling, & is the stress tensor, the
coefficient b is a function of magnetostriction (1) and magnetisation (M), and & is
the total interdomain coupling parameter.

(3) According to the J-A model [16,22,23], the differential magnetisation with respect

to the magnetic field can be expressed as

Xf dMan
_.Xf+c.
aMm _ x| dHe
T, XLy p+c-Man (429
| 777 dHe

where c is the reversibility coefficient, Man is an anhysteretic magnetisation, which

is given by the Langevin function in the case of an isotropic material:

H,(t) _a
H(t)

My (£) = M | coth (4.25)
and xr = (Mg, — M)/k, where K is the pinning coefficient. Equation (4.24)

holds true with the condition x, - dH,(t) > 0; otherwise, it changes to:

c dMan
dM "dH,
W = e Dian (4.26)
dH,

(4) Based on the computed results in previous steps, magnetisation M and magnetic
induction B are updated by

M(t + At) = M(t) + 5 - dH (4.27)

B(t + At) = po[H(t + At) + M(t + At)] (4.28)

Then, these renewed data are inputted into the next computing loop repeating steps
(2) ~ (5), and the flow chart of the algorithm for the time-dependent AC/DC module
is shown in Fig. 4.8. These procedures are not finished until the last time step is
completed. In the case study, the initial hysteresis curve is used to save simulation
time by feeding the first one-fourth of sinusoidal periodic current into excitation
coils (see Fig. 4.9). It should be added that this algorithm can obtain all
magnetisation states on the hysteresis loop by feeding relevant alternating current
into excitation coils. For example, it will obtain a whole hysteresis loop by feeding

5/4 of an alternating current cycle.
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Static solution:
Solid Mechanics (6

M(t+At) =M(t +dM dH
(t+48) = M() + 7

t+ At = thew B
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Figure 4.8. Flow chart of the time-dependent algorithm for hysteresis modelling.
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Figure 4.9. The magnetic field (H) and magnetisation (M) variations with time

extracted from a point inside a specimen without defect.

118



Before the simulation, identification of the key parameters for the model is required.
To simplify the expressions, the tensors of the J-A parameters are expressed as scalar

values since the specimen is set as isotropic material, for example Mg =

Mg 0 0
[ 0 M, O ] is simplified as Mst.
0 0 M,

4.3.1.3 Case study: Dog-bone like rod of 1045 steel with a square-notch defect

Other than the dog-bone like plate specimen with a cylindrical through-hole used to
model the stress-dependent MFL [3], in this case, a dog-bone like rod (shown in Fig.
4.10a) with a circumferential square-notch defect is studied to reveal the relation
between stress and MFL signal. In the case of such a defect, it is hard to describe the

stress distribution around the defect analytically.

Defect

O'O r’s O'O
<: — - T R R - :>

“Reduced” Section

(a)
Coil

Rod

ﬂﬂ | Shield
] /

Defect |

\ Coil
(b)

Figure 4.10. Solid mechanical analysis of a dog-bone like rod with a square-notch

defect. (a) The tensioned test specimen, (b) the 2-D axisymmetric model.

119



Table 4.2. The geometric parameters of the modelled specimen

Geometric Lengthof Lengthofthe Depthof  Widthof Radiusof Radius of the
Parameters specimen  central part  the defect the defect theends  central part

Sizes (mm) 175 105 1 1 12 7

The solid mechanics is simulated in COMSOL Multiphysics 5.2a. As shown in Fig.
4.10Db, the 2-D axisymmetric model in the r-z plane is built according to the geometric
structure of the dog-bone like rod specimen shown in Fig. 4.10a and the sensor
optimised in the previous research [24]. The geometric parameters of the specimen
and the defect are listed in Table 4.2. In the first step, when the tensile stress is applied,
the mechanical problem is solved in the mechanics module. The free triangular mesh
using an adaptive algorithm is applied to the specimen with predefined extremely fine
element size, while element sizes are controlled to be less than 0.01 mm around the
defect by adding extremely fine auxiliary lines along the periphery of the defect to

obtain an accurate stress distribution around the defect.

In magnetic field simulation, i.e., AC/DC module, the results of stress distribution
are inherited and used for the subsequent magnetisation calculation. In this case, the
five key parameters of the J-A model for 1045 carbon steel fitted by the nonlinear
optimisation algorithm are substituted into the finite elemental model to simulate the
hysteresis curve. Besides, unlike the approach with the analytical model where the
complex empirical equation of magnetostriction is used, in FEM simulation, the
magnetostriction coefficient follows an analogous method to fit the average A vs M
values using a parabolic function in [25], since in this case the Equations (4.24) and
(4.26) are more likely to converge and the parabolic approximation of
magnetostriction may be preferable at a relative weak applied magnetic field.
According to the previously measured A vs M curve for 1045 carbon steel [15],
coefficient b is determined as 2.2x108 (m?/A?) by the parabolic fitting of the 1 vs M
curve. In the following experiments, the input current is set as 3 A, and the diameter

of the wire is 0.35 mm, so the input current density in the model is set as 30 A/mm?,
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4.3.2 Verification experiments for the finite elemental model

Verification experiments for FEM are conducted on a specimen of 1045 steel with
a square-notch defect. The circumferential square-notch defect with both width and
depth of 1 mm is machined on the surface centre of the “reduced section” as shown in
Fig. 4.10a. A Helmholtz coil with magnetic shielding is used to provide a static
magnetising field with a near-zero background field along the tensile direction of the
specimen (see Fig. 4.11a). The TMR2701 magnetic device together with its power
supply circuit is mounted onto a linear guide rail. The location of the TMR sensor is
concentric with the cylindrical specimen with a lift-off distance of 1 mm. The linear
guide rail is driven by a step motor to enable the TMR device to scan the specimen
surface at a speed of 10 mm/s. During scanning, the MFL-induced voltage signal U(t)
is acquired by a TektronixMDO3024 digital oscilloscope with a sampling rate of
100 S/s.

700 L Tensile testing machine

Stress (MPa)

-

o

o
T

-0.2 0 0.2 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8
Strain (%)

Figure 4.11. Measured stress-strain curve of the 1045 steel. Inset (a) sketches a
prototype of the TMR-based MFL sensor; inset (b) shows the experimental setup to

measure the surface MFL induced by the defect on the tensile test specimen.
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To prove the accuracy of FEM for MFL simulation, the original data are compared.
The measured data are voltage signals, which can be converted into flux leakage
intensity using H(t)= U(t)/ks, where ks is the sensitivity of the TMR, 8 mV/V/Oe
(100 uV/V/A-m™) fitting in the range of #50 Oe (23978.87 A/m), which is lower than
its specification 12 mV/V/Oe (150 V/V/Am™) in the field range of #15 Oe (#1193.66
A/m), for this device. In the following experiments, the TMR sensor is supplied by 5
V power and used in differential mode doubling the output voltage. Hence, ks is
1 mV/A'm™* when the absolute value of the magnetic field is larger than 1193.66 A/m
but lower than 3978.87 A/m. The simulated MFL results along the z-axis under zero
stress as well as the experimental output voltage of the TMR sensor are plotted in Fig.
4.12. The maximum output voltage of 0.7224 V (20.02 V) just above the defect
corresponds to a magnetic field intensity of 722.4 A/m (220 A/m). For comparison,
the simulated maximum value of the magnetic field caused by the defect is
748.78 A/m. The relative error is less than 4%, which indicates the FEM simulation is
close to the actual value. But in order to reduce the calculation error caused by
demagnetisation, meshing size and other factors, the normalisation method is also
adopted here, and all experimental and simulated signals are normalised to the
maximum amplitude of the measured and predicted MFL signal under zero stress,
respectively.

Before the experiment, the specimen is annealed at 400 <C for 2 hours with furnace
cooling to release the residual stress. As the simulation is conducted on the initial
hysteresis stage, the specimen needs to be demagnetised before the test. Hence, a
commercial demagnetisation device is employed for specimen demagnetisation. The
surface magnetic field strength of the specimens is measured after the demagnetising
process by a Gaussmeter to make sure that the surface magnetic field strength is lower
than 80 A/m. The exciting magnetic field is supplied by the Helmholtz coil, which is

fed with 3 A current.
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Figure 4.12. Simulation (solid lines) and experimental (dashed lines) results of the

axial components of MFL along z-axis under OMPa.

The experiments are carried out on the specimen with the circumferential square-
notch defect, and the MFL signals are detected by the TMR sensor with the specimen
subjected to various stress levels. According to the measured stress-strain curve of the
1045 steel in Fig. 4.11, to avoid plastic deformation in the defective zone, the stress
applied to the specimen is limited to no more than 100 MPa. A stress increment of
10 MPa for data collection corresponds to the simulation steps. These experiments

have been repeated five times to reduce measurement error.

4.3.3 Discussion for the FEM simulated and measured results

The typical result of the applied tensile stress (100 MPa) is illustrated in Fig. 4.13.
In the region that is far from the defect, the stress distributes nearly uniformly, while
in the vicinity of the defect the stress varies sharply, especially at the bottom of the
square-notch defect. The stress along a cut-line of [(6.5, —0.5), (7.0, -0.5)] is extracted
to evaluate the variation of stress along the wall of defect. The curve of the stress on
the cut-line is plotted in Fig. 4.13c. It can be seen that the stress decreases to zero

rapidly and then increases towards zero slowly after reaching the minimum at about
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—13 MPa. Compared with stress distribution around the cylindrical defect in the
analytical model [3], the stress along the vicinity of the defect is hard to be described
mathematically, justifying the choice of the FEM simulations. Besides, after applying
the stress, the square-notch defect, which initially had a regular and simple shape, has

acquired a complex geometry as shown in Fig. 4.13b.
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Figure 4.13. (a) Solid mechanical analysis of a dog-bone like rod with a square-notch
defect. (b) the calculated result of stress distribution around the defect (notice the
change of shape of the specimen near the defect), and (c) stress distribution extracted

along a defect wall.

The test specimen made of 1045 steel is used in this case. Its chemical components

and magnetic properties are close to the 0.4%wt carbon steel so that the parameters of
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0.4 wt% carbon steel fitted by nonlinear optimisation algorithm are substituted into
the finite elemental model to simulate the hysteresis curve approximately. Besides,
coefficient b has been determined as 2.2x10718 (m?/A2) by the parabolic fitting of the A
vs M curve. The input current density in the model is set as 30 A/mm?. All the

parameter values of the magnetomechanical model are listed in Table 4.3.

Table 4.3. The parameters of 1045 carbon steel for FEM simulation

J-A Parameters Value Obtained from
Saturation magnetisation, Ms 1.5755x10° (A/m)

Domain density, a 1408.1 (A/m) Fitting the hysteresis loop in

Coupling factor, a 0.0024 [20] by using the nonlinear

Pinning parameter, k 2356.5 (A/m) optimisation algorithm [21]
Reversibility parameter, c 0.0382

Parabolic fitting the
Magnetostriction coefficient, b~ 2.2x<10'® (m?/A?)  magnetostriction curve in
[15]

Input current density, Jo 30 (A/mm?) Experiment

Fig. 4.14a and 4.14b show the simulation results of magnetisation under stresses of
0 MPa and 100 MPa at the final time step, respectively. To obtain these results, the
cases of 0 MPa and 100 MPa stresses are computed using the algorithm mentioned in
Section 4.3. It can be found that the magnetisation changes significantly near the
bottom of the defect while varying slightly near the top of the defect. To clearly
illustrate the magnetisation variations at these positions in two cases, two
characteristic points on each graph are selected (marked as A1, Az, which are surface
points on defect walls near the bottom of square-notch, and B, B2, which are surface
points near the top of defect wall). Figure 4.14c shows the comparison of the M-H
curves at points A1 and Az, while Fig. 4.14d shows the comparison at points B: and
B.. It can be seen that the M-H curves at the points near the bottom of defect change

more dramatically than that at the points near the top. This is attributed to the extent
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of stress variation. As shown in Fig. 4.13c, at the bottom of the defect, i.e., point A,
the stress concentration caused by the defect is more than threefold with respect to the
applied stress (340 MPa vs 100 MPa), while at the top of the defect, i.e., point B2, the
stress approaches zero. Despite an apparent closeness between the M-H curves at the
points B and B> observed in Fig. 4.14d, the values differ slightly, and there is no
overlap between those M-H curves. According to the analytical model, the leakage
field at an off-surface point is influenced by the magnetisation states of all points along
the walls of the defect (e.g., segment A1B1), though the closer the finite element to the
surface of the specimen, the greater is the effect on MFL. Besides, the variations in
magnetisation are not limited to the defect walls but also involve the neighbour area.
It indicates the importance of the full-scale problem simulation and avoids any

assumptions on the elemental magnetic charge distribution.

The magnetisation values at the final time step are used to calculate the MFL field
with Imm lift-off that is consistent with experiments. For example, the simulation and
experimental results for stresses of 0 MPa, 50 MPa and 100 MPa normalised by the
maximum amplitude of predicted and measured MFL signals under 0 MPa are shown
in Fig. 4.15. The simulated MFL shapes and highest amplitudes are consistent with
the measured ones. It indicates that the proposed FEM model is adequate to predict
the stress-dependent MFL accurately in these conditions. The minimum values of the
measured MFL signals on the left side of the defect are slightly lower than that of the
simulated, while on the right side the opposite is seen. It may be caused by the slightly

asymmetric shape of the defect due to the bevel angle of the machining tool.

To evaluate the relationship between the MFL signal and the applied stress
quantitatively, the peak-to-peak amplitudes Ap of normalised MFL signals are plotted
in Fig. 4.16. The dependence of the amplitude of MFL signal on the applied stress
obtained from the experiment corresponds with the results obtained from the

simulation. The value of A, demonstrates the approximately linear decreasing trend
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with increasing applied stress from 0 MPa to 100 MPa. This is due to the fact that the
dominant stress along the defect wall is compressive stress that increases with applied
stress. The linear equation fits well with the measured results with a coefficient of

determination higher than 0.99.
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Figure 4.14. (a) Magnetisation distribution without stress. (b) Magnetisation

distribution under 100 MPa tensile stress. (c) M-H curves extracted from points A

and A.. (d) M-H curves extracted from points B; and Bo.

The applied tensile stress of 100 MPa could result in an 11.76% decrease in the
peak-to-peak amplitude of the MFL signals. Compared with the analytical model, the
change of the absolute value of the peak-to-peak amplitude is smaller, but it also has
a significant influence when sizing the defect dimensions. The coupling FEM is
proposed to provide a universal method for solving the effect of stress on the MFL
signal, especially when the stress distribution around the defect is difficult to describe

mathematically. Additionally, when a defect with greater stress gradients is distributed
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along the defect walls, it would lead to a significantly greater influence on the profile

of the MFL signal. Furthermore, the percentage change will be even greater if the

material has a higher relative permeability |& or a higher value of the magnetostriction

coefficient b.
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Figure 4.15. Normalised results of the axial components of MFL along the z-axis

under various stresses.
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MFL signals obtained from different stress conditions.
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Compared with the analytical model, FEM implements the full-scale simulation,
avoids the assumption of magnetic charge, and breaks through the limitations of stress
concentration and demagnetising factor computations. However, it should be noticed
that there are still several limitations of the proposed FEM model. Firstly, prior to any
stimulation, knowledge of certain specimen parameters is essential, including the
parameters of J-A-S model and dimensions of the defect. As COMSOL uses an
iterative method to solve the time-dependent problem, some parameters of the J-A-S
model may result in nonconvergence, especially in the case of the magnetostriction
coefficient b. If b is not properly chosen, the model will not perform well since stresses
on some elements may be beyond the limits of the J-A-S model. Secondly, in this
model, the material is set as isotropic steel, and the model is simplified as a 2D
axisymmetric structure. Anisotropic materials can be solved via assigning various
values to different components of the tensors, but only simply anisotropic problems
may be solved rather than complex ones. When solving anisotropic problems, the
model should be built as a 3D structure, which might also face a nonconvergence error
since the magnetisation in an element is more complex than in the isotropic problem.
Thirdly, during the experiments, the scanning speed may distort the MFL signal profile
due to the eddy current effect. As the speed of the sensor was set to a relatively low
value of 10mm/s in our experiments, the eddy current effect could be considered
negligible here. In practical applications, the scanning speed may be considerably

faster, and allowance for this velocity effect would need to implement.

4.4 Chapter Summary

This chapter has introduced the analytical model and proposed the FEM model for
predicting the effect of stress on magnetic flux leakage. The analytical model, i.e.,
stress-dependent magnetic dipole model was discussed to predict the MFL signal
induced by the cylindrical through-hole in the dog-bone like plate sample. The stress
concentration around the defect resulting in the anisotropic distribution of magnetic

properties along the defect surface was analysed and calculated using the classic
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Timoshenko's theory. The J-A-S model was introduced to assess the distribution of
stress-dependent magnetisation along the defect surface. Finally, the magnetic dipole
model based on the stress-dependent magnetisation distribution was established to
predict the dependency of the amplitude of the MFL signal on the applied stress.
Verification experiments were arranged to measure the MFL under various stresses.
The parabolic dependency of the measured peak-to-peak amplitude MFL on the
applied tensile stress was observed, and it well fitted the results of the improved dipole
model. In the case study, the tensile stress of 100MPa caused an increase of 24% in
the peak-to-peak amplitude of the MFL signals. The analytical model provided a
valuable tool to evaluate the contribution of stress to the induced MFL signals and
could be used to solve the inverse problem for defect sizing. But the analytical model
was only suitable to limited cases since only a few simple geometries where the stress

concentrations and demagnetising factor could be calculated mathematically.

The multiphysics FEM method, which could deal with magnetomechanical
problems, was proposed to simulate the MFL signal induced by the circumferential
square-notch defect on the dog-bone shaped steel rod. The stress distribution of the
specimen, especially the stress around the defect, was calculated in a solid mechanics
module using a stationary solver. The results of the stress distribution were
implemented as initial input values by the AC/DC magnetics module that was used to
assess the distribution of stress-dependent magnetisation in the specimen based on the
magnetomechanical model. Finally, the MFL fields with 1 mm lift-off were extracted
in postprocessing to predict the dependency of the peak-to-peak amplitudes of the

MFL signal on applied stress.

Experimental work was conducted to obtain the variation trend of the MFL signal
influenced by applied stress. The measurements showed that the peak-to-peak value
of MFL signal exhibited a decreasing trend with the action of increasing stress. It fitted

the simulation results with a goodness of fit higher than 0.99. In this study, an increase
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in tensile stress of 100 MPa caused a decrease of 11.76% in the peak-to-peak

amplitude of MFL signal. To size the defect accurately, the effect of stress on the MFL

signal should be incorporated in the calibration process. The proposed multiphysics

FEM model provided a valuable tool to evaluate the contribution of stress to the

induced MFL signal and might be used to solve the inverse problem for sizing defects

with a complicated stress distribution.

4.5 References for Chapter 4

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

K. Mandal, D. Dufour, T. W. Krause, and D. L. Atherton. Investigations of
magnetic flux leakage and magnetic Barkhausen noise signals from pipeline
steel. J. Phys. D. Appl. Phys., vol. 30, no. 6, pp. 962-973, 1997.

K. Mandal and D. L. Atherton. A study of magnetic flux-leakage signals. J.
Phys. D. Appl. Phys., vol. 31, no. 22, pp. 3211-3217, 1998.

Y. Wang, X. Liu, B. Wu, J. Xiao, D. Wu, and C. He. Dipole modeling of stress-
dependent magnetic flux leakage. NDT&E Int., vol. 95, pp. 1-8, 2018.

V. E. Shcherbinin and N. N. Zatsepin. Calculation of the magnetostatic field of
surface defects. I. Field topography of defect models. Defectoscopy, vol. 5, pp.
385-393, 1966.

C. Edwards and S. B. Palmer. The magnetic leakage field of surface-breaking
cracks. J. Phys. D. Appl. Phys., vol. 19, no. 4, pp. 657-673, 1986.

S. M. Dutta, F. H. Ghorbel, and R. K. Stanley. Dipole modeling of magnetic
flux leakage. IEEE Trans. Magn., vol. 45, no. 4, pp. 1959-1965, 2009.

S. M. Dutta, F. H. Ghorbel, and R. K. Stanley. Simulation and analysis of 3-D
magnetic flux leakage. IEEE Trans. Magn., vol. 45, no. 4, pp. 1966-1972, 20009.
M. Ravan, R. K. Amineh, S. Koziel, N. K. Nikolova, and J. P. Reilly. Sizing of
3-D arbitrary defects using magnetic flux leakage measurements. IEEE Trans.
Magn., vol. 46, no. 4, pp. 1024-1033, 2009.

J. H. Hwang and W. Lord. Finite element modeling of magnetic field/defect
interactions. J. Test. Eval., vol. 3, no. 1, pp. 21-25, 1975.

D. L. Atherton and M. G. Daly. Finite element calculation of magnetic flux
leakage detector signals. NDT&Int., vol. 20, no. 4, pp. 235-238, 1987.

131



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

P.A. Ivanov, V. Zhang, C.H. Yeoh, H. Udpa, Y. Sun, S.S. Udpa and W. Lord.
Magnetic flux leakage modeling for mechanical damage in transmission
pipelines. IEEE Trans. Magn., vol. 34, no. 5, pp. 3020-3023, 1998.

V. Babbar, B. Shiari, and L. Clapham. Mechanical damage detection with
magnetic flux leakage tools: modeling the effect of localized residual stresses.
IEEE Trans. Magn., vol. 40, no. 1, pp. 43-49, 2004.

E. Altschuler and A. Pignotti. Nonlinear model of flaw detection in steel pipes
by magnetic flux leakage. NDT E Int., vol. 28, no. 1, pp. 35-40, 1995.

L. Zhong, L. Li, and X. Chen. Simulation of magnetic field abnormalities
caused by stress concentrations. IEEE Trans. Magn., vol. 49, no. 3, pp. 1128—
1134, 2012.

D. C. Jiles. Coupled Magnetoelastic Theory of Magnetic and Magnetostrictive
Hysteresis. IEEE Trans. Magn., vol. 29, no. 4, pp. 2113-2123, 1993.

D. C. Jiles. Theory of the magnetomechanical effect. J. Phys. D. Appl. Phys.,
vol. 28, no. 8, pp. 1537-1546, 1995.

S. Timoshenko and J. Goodier. Theory of elasticity (The third Edition). The
McGraw Hill Education, 1970.

C. Mandache and L. Clapham. A model for magnetic flux leakage signal
predictions. J. Phys. D. Appl. Phys., vol. 36, no. 20, pp. 2427-2431, 2003.

J. A. Osborn. Demagnetising factors of the general ellipsoid. Phys. Rev., vol.
67, no. 11-12, pp. 351-357, 1945.

D. C. lJiles, J. B. Thoelke, and M. K. Devine. Numerical determination of
hysteresis parameters for the modeling of magnetic properties using the theory
of ferromagnetic hysteresis. IEEE Trans. Magn., vol. 28, no. 1, pp. 27-35,
1992.

Z. Li, Q. Li, C. Li, Q. Sun, and J. Lou. Queries on the JA modeling theory of
the magnetisation process in ferromagnets and proposed correction method.
Proc. CSEE, vol. 31, no. 03, pp. 124-131, 2011.

J. P. A. Bastos and N. Sadowski. Magnetic materials and 3D finite element
modeling. CRC press, 2013.

A. J. Bergquvist. A simple vector generalization of the Jiles-Atherton model of
hysteresis. IEEE Trans. Magn., vol. 32, no. 5, pp. 4213-4215, 1996.

132



[24] B.Wu, Y. Wang, X. Liu, and C. He. A novel TMR-based MFL sensor for steel
wire rope inspection using the orthogonal test method. Smart Mater. Struct.,
vol. 24, no. 7, pp. 075007 (1-12), 2015.

[25] L. Mierczak. Evaluation of structural integrity of steel components by non-

destructive magnetic methods. Doctoral dissertation, Cardiff University, 2015.

133



Chapter 5

Evaluation of the Effect of Temperature on Magnetic Flux Leakage

Assessing the direct effect of temperature only on magnetic flux leakage (MFL) signal
is a complicated task due to the nonlinear coupling. If the temperature induces inner
thermal stress, it makes the problem doubly difficult. Hence, only few models are
available for predicting the MFL signal under this condition. To model the effect of
temperature on MFL signal, the temperature-dependent magnetic dipole models are
proposed. In the first case where the direct thermal effect is involved only, the dipole
model is improved based on the modified temperature-dependent Jiles-Atherton (J-A)
model. In the second case, where the combined effects of temperature and thermal
stress are considered, the dipole model further introduces the magnetomechanical J-A
model. The thermal stress distribution around the defect of a cylindrical through-hole
is solved by thermoelastic and solid mechanics theories. The magnetomechanical
theory is employed to analyse the stress-dependent magnetisation distribution, which
is the key parameter in the magnetic dipole model. The experiments for verifying the
direct effect of temperature are conducted on an M250-50A non-oriented (NO) grain
silicon steel specimen with a cylindrical through-hole defect. In addition, the
combined effects are experimentally studied on an adhesive structure of the defective
NO steel and ceramic glass. The MFL signals predicted by both proposed models
agree with the experimental results well. The proposed models can act as effective
tools to understand the effects of the temperature and thermal stress on MFL signals,
and they are also appropriate to solve the inverse problem of sizing the defects when
the temperature is involved.
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5.1 Introduction

In the previous chapter, the effect of stress on MFL has been investigated, while in
this chapter, the effect of temperature on MFL will be studied. To the best of our
knowledge, this topic has been investigated in a limited number of attempts. It is well
known that most machines and structures are working at varying temperatures.
Friction, Joule loss, eddy current, and so on could easily heat the devices. Besides,
there are numbers of structures that are installed outdoors and experiencing various
environmental temperatures, for example, railways and pipelines. The maximum value
of magnetisation on the hysteresis curve has been experimentally observed to decrease
more than 25% with the variation of 100 K [1-3]. According to magnetic dipole
models [4,5], magnetisation, which is related to the surface magnetic charge density,
could directly influence the MFL signal. Therefore, the change of temperature may

significantly affect the MFL signal.

Besides, the temperature rarely independently influences on MFL signal. The
thermally induced stress may also have a noticeable indirect influence on the MFL
detection results. For example, the previous chapter has observed an increase of 24%
in the peak-to-peak amplitude of the MFL signals caused by 100MPa tensile stress for
the cylindrical hole defect in the plate. Mandal et al. [6] experimentally investigated
the stress-dependent MFL signals in in-service oil and gas pipelines, whose amplitudes
changed more than 40% caused by the line pressure stress. Under the action of an
applied magnetic field, both direct and indirect effects of temperature can alter the
localized magnetisation in the ferromagnetic material, further changing the MFL
signal. However, it is hard to distinguish the contributions of the magnetic field,
temperature, and thermal stress from the detected MFL signal due to the lack of an

analytical or simulation model.

This chapter aims to propose improved magnetic dipole models considering the

direct effect of temperature itself and the combined effects. The modelling object is a
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thin sheet specimen with a cylindrical through-hole. This chapter is organized as
follows. In Section 5.2, the temperature-dependent dipole models are proposed based
on the magnetothermal and magnetomechanical J-A hysteresis models. In Section 5.3,
the details about the verification experiments including the specimen tempered
procedure and the configuration of the MFL sensor are explained. Both the
performance and limitations of the proposed model are discussed in Section 5.4.

Finally, the major findings of this study are discussed in Section 5.5.
5.2 Temperature-dependent Magnetic Dipole Models

5.2.1 The model of the dependence of hysteresis on temperature

In this study, the temperature-dependent J-A model will be extended based on
Raghunathan’s models [1,2] using a reference temperature instead of absolute zero
and developing an equation for the temperature-dependent reversibility factor, c,
whose item for initial susceptibility previously was assumed to be a constant
parameter. The thermal effect can be incorporated into the J-A model through five key

temperature-dependent hysteresis parameters.

According to the Weiss theory of ferromagnetism, the spontaneous magnetisation
M:s is the highest as the magnetic moments within a domain try to perfectly align when
approaching absolute zero. As the temperature increases, it decreases until zero at the
Curie point. Following an analogous argument to the spontaneous magnetisation
equation given in [1,2], the dependence of saturation magnetisation, Ms, on

temperature can be given by

M () = My (1) - (Z2)™ 5.)

T,—T;

where Ms(Tr) is the value of magnetisation at reference temperature (for example
20°C), which is more easily measured than that at 0 K, T¢ is the Curie temperature, and
S is the material-dependent critical exponent following the mean field theory. In case

T, = 0 K, Equation (5.1) would turn to the original equation given in [1,2].
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The domain wall pinning factor, k, is expected to exponentially decay with
temperature analogous to the coercive field in a ferromagnetic material, according to

the equation

1 Tp-T

k(T) = k(T,) - Pz Tc (5.2)

where k(T) is the pinning factor at the reference temperature, and - is the critical

exponent for the pinning constant.

The domain density, a, shows a similar exponential decay with temperature, which

can be expressed as

1 Tp-T

a(T) = a(T,) - B3 Te (5.3)

where a(Ty) is the domain density at the reference temperature, and Sz is the critical

exponent for domain density and is generally approximated to be equal to f>.

The domain coupling, a, which represents the strength of magnetic interaction
between domains in an isotropic material, can be expressed as

@=— (5.4)

© Mst Xbn
At higher anhysteretic susceptibilities, .., the contribution of the second term to
domain coupling is negligible and hence substituting the expression for Mst and a from
(5.1) and (5.3) respectively yields

1 Ty-T

LIt ro1\P1
a(T) = a(T,) - B3 Te - (ﬁ) (5.5)
where a(Ty) is the domain coupling at the reference temperature.
The reversibility factor, c, is treated in an analogous way to that of domain coupling,

a, and, for isotropic materials, is expressed as
3a
c= EX{TL (5.6)

The measured results in [7] showed that the initial susceptibility, x;,, also

approximately exponential decayed and hence reversibility factor could be expressed
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as a similar equation to Equation (5.5) by substituting the expression for Mst and a
from Equations (5.1) and (5.3), respectively

1 Ty-T

c(T) = c(T,) - ePsBa Tc - (ﬂ)ﬁl (5.7)

T,—T

where c(Ty) is the reversibility factor at the reference temperature, and fs is the
additional critical exponent by considering the temperature-dependent initial

susceptibility.

Therefore, the M-H hysteresis model presented in Chapters 2 (Equation (2.45)) can

be modified as

am(T) _ xm(T)
dH  k(T)6-a(T)xm(T) (5.8)

where
2t (T) = S [Man(T) = M(D] + k(T)8e(T) Gl (5.9)

5.2.2 The direct effect of temperature on MFL

In Chapter 4, the dipole model has been extended based on the previous research
[4,5] to investigate the effect of stress on MFL field induced by a cylindrical through-
hole defect on the carbon steel plate. Following the analogous idea, in this chapter, the
dipole model is extended to study the effect of temperature on MFL field induced by
a cylindrical through-hole defect in a thinner non-oriented (NO) electrical steel sheet,
which could be faster and more evenly heated and cooled. The change of temperature

results in overall magnetisation variation according to Equation (5.8) of the J-A model.

In this case, the element of dS carries a temperature-dependent magnetic charge of
dpr, which generates a magnetic field depending on the temperature, dHr, at a point
P(x, y, h) in the space (analogous to Fig. 4.2). The formula for the calculation of the

temperature-dependent magnetic field dH~ is

r

1
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where r is a vector pointing from the element of dS to the point of P(x, y, h), and r is
the distance between the dS and the point of P. The temperature-dependent magnetic

charge density, pr, on the surface element dS (see Fig. 4.2) is given by

dpr = My ndS = M;sin0dS (5.11)
where
— I'LTT_l ]
MT I:I'LTT_N}’(I'LTT_:L) HeT (5.12)
and
1 [M(T)
Uy = #—0 H_o + 1] (513)

H,, is the effective magnetic field at a certain temperature, and Ny denotes the

demagnetisation factor corresponding to the y-axis is given by [8]

_ nm?-4
y = 4,7-”72

(5.14)

where #=R/b>>1. The demagnetisation factor depends on the applied magnetic field

and defect shape and size.

The substitution of Equations (5.11) ~ (5.14) into Equation (5.10) the magnetic field
generated by the magnetic charge can be computed from this expression:

1r

aty = Lot
L 4'71'7'3 #rT_Ny(HrT

] H, RsinfdOdz (5.15)

The components of dHT in the Cartesian coordinate system are given by

dHr, = MT = Rsin8d0dz (5.16)
dHyy = 222 Rsinfdfdz (5.17)
dHy, = 2L Rsinfdod 5.18

1z = 3 Rsin z (5.18)
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The integration in Equations (5.16) ~ (5.18), along with Equation (5.8), can be
performed using, e.g., the Runge-Kutta method. This improved magnetic dipole model

provides a pathway to investigate the direct effect of temperature on the MFL signals.

5.2.3 The combined effects of temperature and thermal stress on MFL

The above presented model can calculate the direct effect of temperature itself on
the MFL signal. However, the temperature gradient and variation in a sample may
induce inner stress, which could significantly affect MFL results. Generally, the
thermal stresses can be classified into two types: type 1 is caused by asymmetric
temperature distribution in a structural component. For example, a long or sizeable
structural component is exposed to gradient environmental temperatures such as

railway

ety =G (Ty — T2) (5.19)
And type 2 is resulted from two materials with different coefficients of thermal

expansion (CTE) fixed together, such as multilayer plate

ery = ({r1 — {r2) - (Tref - T) (5.20)

where er1 and er2 are the thermal strains induced by the types 1 and 2 respectively, and
{r1and {2 are the larger and the smaller CTEs of two materials respectively, and Tref

is the reference temperature [9].

The thermal stress, o, could be inferred from the thermal strain below elastic

limitation [10]

Oxx 1—v Vv % 0 0 0 Exx
Tyy v 1-v v 0 0 0 Eyy
Ozz E v Vv 1—-v 0 0 0 €27
Oy |~ @ma-zw| 0 0 0 (1-2v)/2 0 0 2., | (5:21)
Oxz o 0 o0 o (@-2v/2 0 2.,
Oy 0 0 0 0 0 (1-2v)/2 2¢y,

where oxx and exx are the x-axis component of thermal stress and strain, E is Young’s

modulus, and v is Poisson’s ratio. Assuming there is no fixed constraint along the z-
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axis, for an isotropic lamination specimen, oz, ox., oy, are approximately equal zero,
oxy = Txy and exy = /2, hence, Equation (5.21) can be simplified as
Oxx ‘ 1—v v 0 Exx
[Uyy] = —[ v 1—-v 0 ] [Eyy] (5.22)

Txy (Hm(-2v) 0 0 (1—2v)/2]1Vxy

If there is no constraint along the x-axis, the sample can be considered expanding
freely along the x-axis. Hence, the thermally induced strain along the x-axis

approximates zero. Therefore, Equation (5.22) can be expressed as

1—v v 0
o _
[ yy] (1+v)(1— 2v)[ v 1-v 0

0
[gyy] (5.23)
0 0 (1-2v)/2

Yxy

Assuming the thermally induced inner stress of the steel sample along the y-axis
parallel to the magnetic field, according to the analytical expressions reported by
Timoshenko, the stress along the surface of the cylindrical through-hole defect can be

expressed as [4,10]
0g = 0y, (1 + 2c0s20) (5.24)

According to magnetomechanical theories [4,11,12], the effective field is given by

Hy=H+aM+22 =g +am (5.25)
2up dM
where magnetostriction
Ao, M) = yo + (11 + Y120)M2 (5.26)

Hence, the temperature-dependent M-H hysteresis model (5.8) can be modified as

am(r) _ xm(D)
aH  k(T)8—a(T)xm(T)

(5.27)

Considering both thermal and thermal stress effects, the magnetisation, which is
related to the surface magnetic charge density (p), along the defect wall can be

expressed as
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M7,(0) = {#metxjﬁ)r—; (9)_1]} H,, (6) (5.28)
where
o, (6) = #i (M(TI;""’) +1) (5.29)
and
H,, (0) = H + &r(0)M(T,0,6) (5.30)

Hence, the spatial magnetic field generated by the magnetic charge can be modified

as

_ LL ﬂrTU(g)—l .
dH,(6) = =% {ur”(m—zvy[urww)—l]} H,, (0)Rsinfdfdz  (5.31)

The components of dH 7z, in the Cartesian coordinate system are given by

dHrgy = 22 Rsingdfdz (5.32)
_ Mre®) Ty

dHrqy = TT—3Rsm0d0dz (5.33)

dHr,, = L2212 Rsingd6dz (5.34)

Equations (5.31) ~ (5.34), along with Equation (5.27), can be used to compute the
magnetic field using the Runge-Kutta integration method. The improved magnetic
dipole models explore a way to understand the effects of temperature and thermal
stress on the MFL signal. Although the modified model is developed on a thin sheet
sample, the applicability of the proposed model is not limited to such case only, and
samples with other shapes can also be treated. For example, the stress distributions for
elliptical holes and ellipsoidal inclusion in plate can be derived from the classical
mathematical theory of elasticity [10]. Moreover, Trevino et al. [13] have improved
the dipole model to simulate ellipsoidal defect shape and even more complicated
defect shapes. These mathematical models provide the potential to analyse magnetic
flux leakage around various shapes. Also note that the cylindrical hole used in this

research is a particular case of elliptical hole defects.
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5.3 Verification Experiments for Temperature-dependent MFL

5.3.1 The MFL experiments for the direct effect of temperature

The MFL experiments to study the direct effect of temperature itself on MFL are
conducted on an M250-50A non-oriented (NO) grain silicon steel with 0.45mm in
thickness, 30mm in width and 190mm in length. The sample with such dimensions
could be fast and evenly heated/cooled the whole body. A cylindrical through-hole
defect is machined at the geometric centre of the specimen with a radius of 2mm. One
U-shape yoke wound by the exciting coil and the other yoke without coil are used to
provide a steady static magnetic field for specimen magnetisation (as seen in Fig. 5.1).
The coil is fed by 2 A direct current. According to the measurement of the Gaussmeter,

it could provide about 1500 A/m magnetic field around the centre of the sample.

A Hall effect sensor (ACS70310LKTATN-010B5-C manufactured by ALLEGRO),
which has ultralow thermal drift, high sensitivity and wide measurement range, is used
to measure the MFL signal. A motorized XYZ linear translation stage from Thorlabs
with a minimum achievable incremental movement of 0.1 pm is used to move the
sensor along the sample surface in precise steps. The measurement setup is mounted
on a non-magnetic breadboard located in the environmental chamber (HC4033 from
Vdsch). Measurements are made by scanning the sensor across the centre of the
through-hole defect, with a fixed scanning step size and sensitive element lift-off of

0.1 mm and 1.5 mm, respectively.

In the MFL experiments, the sample and the measurement set-up are refrigerated
from 20°C to -40°C with a temperature decrement of 10 °C and then heated up to 60
°C with 10 °C increment. The temperatures are set step by step. At each set temperature
point, such as 20 <C, 10 <C, and 0 <C, the measurement will not be implemented until
the temperature is steadily for more than 10 minutes, which would allow even cooling

or heating of the sample and avoid the effect of temperature variation. The
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measurements at each motion step are repeated 100 times, and the mean value is

obtained. The entire process is repeated five times to reduce the measurement error.

NI USB-6366
DAQ card / o \
Excitation coil
Analogue |
= I / O RRRARRRRVRARRARRRRRRAR
[+ 2 Power ‘pﬂ /Hall sensor
d Sps " t Defect J
T otor
& D controller N Yoke /
XYZ Linear Sample

/ Stage
Environmental chamber k /

Figure 5.1. The experimental setup for the measurement of MFL induced by the defect

on M250-50A NO steel.

Before the MFL experiment, the specimens were annealed at 400°C for two hours
to relieve the residual stress. Then, the hysteresis curves of the specimen without
defect were measured at different temperatures by the quasi-static hysteresis
measurement system (see Fig. 5.2) to determine the key parameters of the temperature-

dependent J-A model. The computer-controlled system was developed in Wolfson
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Centre for Magnetics, and its program was written in Labview providing high accuracy

and automatic measurements.

Figure 5.2. The quasi-static hysteresis measurement system.
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Figure 5.3. Schematic diagram of computer-controlled DC magnetic property

measurement system.
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Fig. 5.3 shows a schematic diagram of the system. It includes a computer with
Labview, a NI PCI-6120 data acquisition (DAQ) card, a PCI-GPIB card, a power
amplifier, a high precision 0.3 Q shunt resistor, a fluxmeter and a digital multimeter,
a double horizontal yoke, a primary coil and a secondary coil. During testing, the
Epstein strip sample is magnetised using the primary coil and yoke composed
electromagnet driven by quasi-DC current (5 mHz) supplied from NI PCI-6120 DAQ
card and subsequently amplified using the power amplifier. The resulting strength of
applied magnetic field H is calculated from the measured voltage on the shunt resistor

VR

H — N1VR
lmRsh

(5.35)

where Nz is the turns number of the primary coil, I is the mean path length, which is
the distance between the inner edges of the yoke, and Rsn is the resistance of the shunt
resistor. Simultaneously, the magnetic flux density B is picked up by GPIB linked

fluxmeter integrating the voltage of secondary coil using

B =-Pm [ odt (5.36)

sz

where | is the specimen length, pm is the density of the sample, m is the mass of the

sample, N2 is the turns number of the secondary coil, and e is the secondary voltage.

5.3.2 The MFL experiments for the combined effects of temperature and thermal

stress

In the MFL experiments that study the combined effects of temperature and thermal
stress on MFL (see Fig. 5.5), the 0.45 mm NO steel is glued to the ceramic glass
(Schott Zerodur), whose CTE (1107 °C1) is much smaller than NO steel (11.9x<10®
°C1), at room temperature (20 °C). As the maximum thermal stress should be less than
the nominal yield stress of the NO steel (344 MPa), the minimum temperature should

be higher than -20 °C. Besides, when the temperature is higher than room temperature,
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the NO steel is compressed, and it could cause the sample bending, which makes the
calculation much more complicated and uncertain. Therefore, the measurements

similar to the first MFL experiment are repeated between -10 °C and 20 °C.

The experiments outside the temperature range aforementioned are also conducted.
Before doing the measurements in the temperature range from 30 °C to 60 °C, the
sample needs to be taped on the ceramic glass to reduce the change of lift-off caused
by bending. Since in range -40 °C to -20 °C the temperature may induce plastic
deformation, the experiments in this range are implemented at the last of the

measurement procedure.

The experimental conditions related to this work can be described via the second
type of thermal stress, where two components with different CTE are fixed together
as shown in Fig. 5.4. The measurement processing is analogous to the aforementioned
first kind of MFL experiments. Though the non-magnetic ceramic glass is inserted
into the yoke gap, which decreases the magnetic field to around 800 A/m, it is still

high enough for the soft magnetic material NO steel.

Ceramic

\
/
Steel sample

.

Figure 5.4. The thermally induced stress structure

Prior to the second kind of MFL experiments, the key parameters of
magnetostriction are measured by the AC magnetostriction system as shown in Fig.
5.6. During testing, the large NO strip is inserted into a Polytetrafluoroethylene

(PTFT) former, which is wound by the primary and secondary coils. A feedback
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control system is used to control the flux density and secondary induced voltage
waveforms to be sinusoidal. More details about the AC measurement system will be
introduced in Chapter 7. One end of the strip is fixed, and the other end is attached to
an accelerometer, which is assembled on a load cell linked to a pneumatic cylinder.
The system can apply a range of stress from -10 MPa to 10 MPa by controlling the
pneumatic valve and compressed air pressure. When the strip is magnetised, its free
end elongates or contracts due to magnetostriction. The instantaneous
magnetostriction is calculated from double digital integration of the output of the

accelerometer
At) = — [[ Vodt +C (5.37)

where Kk, is the sensitivity of the accelerometer, Vo is the output voltage of the

accelerometer, and C is the integration constant.
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Excitation coil
Analogue |¢ /
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Figure 5.5. The experimental setup for the measurement of MFL induced by the defect

Environmental chamber

on M250-50A NO steel.
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Figure 5.6. Photograph of the AC magnetostriction measurement system.

The measured magnetostriction curve is plotted in Fig. 5.12, and its values are listed
in Table 5.2. Besides, Young’s Modulus (E) and Poisson’s Ratio (v) are determined

and listed in Table 5.2 as well.

5.4 Discussions for the Simulated and Measured MFL Results Affected by

Temperature
5.4.1 The direct effect of temperature on MFL

The dipole modelling of MFL under various temperatures starts from the
determination of key parameters J-A model. The tested NO steel sample is subjected
to various temperatures using the environmental chamber. Magnetic hysteresis loops
are obtained using a computer-controlled hysteresis loop tracer at a quasi-DC field of
5 mHz. The experimental results of hysteresis loops of M250-50A NO steel at
different temperatures are illustrated in Fig. 5.7, where the maximum absolute values
of induced magnetic flux density (B) decrease with the increase of temperature. It
should be noted that the changes in magnetic parameters are small as shown in Figure

5.7, since the measurement temperatures are far from Curie point and the
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environmental temperature range is much narrower than that from 0 K to Curie point.
The difference between the maximum and minimum saturation magnetic flux density
is less than 0.8%. Theoretically, the change in saturation magnetic flux density should
be near a linear function of temperature according to the temperature-dependent
hysteresis model. But it can be found that there is an error between experimental and
theoretical results. The computer-controlled hysteresis loop tracer designed for
electrical steel hysteresis loop measurement has been proven to possess high accuracy
and good repeatability. Besides, in the narrow region where the difference between
saturation flux density is less than 0.8%, the hysteresis loop tracer can distinguish the
saturation flux densities of hysteresis loops under different temperatures seriatim and
clearly, as shown in Fig. 5.7. Therefore, the measurement error is acceptable.
Furthermore, during the fitting process of temperature coefficient p1~B4 using
binomial series and exponential function to the identified parameters of J-A model,
the outliers will be excluded, and the values of the parameters will be reallocated to

help to redress the slight measurement error.

Table 5.1. The temperature-dependent parameters of J-A model for M250-50A non-
oriented electrical steel

Parameters value Sources
Reversibility parameter, ¢ 0.6799
Parameters of J- Pinning parameter, k 103.8603 (A/m)
A model at Domain density, a 65.5559 (A/m)
20°C Saturation magnetisation, Ms  1.7157 X 10° (A/m)
) Measured
Coupling factor, a 1.2493x10™ and fitted
o The thermal coefficient for using
The coefficients . 0.3981 hybrid
magnetisation, f1 GA-PSO
of the - .
The thermal coefficient for algorithms
temperature- 0.2336

pinning constant, f2~p3

dependent J-A o
The thermal coefficient for
model _ 1.7220
reversibility factor, S4
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Figure 5.7. Hysteresis loops of M250-50A NO silicon steel at various temperatures.

The hybrid GA-PSO algorithm [14,15] (GA and PSO stand for Genetic Algorithm
and Particle Swarm Optimisation respectively) is used to identify the parameters of
the temperature-dependent J-A model, which are listed in Table 5.1. GA [16] is a
stochastic optimisation technique founded on the concepts of natural selection and
genetics. The algorithm starts with a set of solutions called population. Solutions from
a population are used to form a new population. This is motivated by the hope that the
new population will be better than the old one. Solutions that will form new solutions
are selected according to their fitness: the more suitable they are, the more chances
they have for reproduction. This is repeated until some condition (for example, number

of generations or improvement of the best solution) is satisfied.

PSO [15] is an evolutionary computation technique developed by Kennedy and
Eberhart in 1995. PSO is initialized with a population of random solutions called
particles. Each particle is also associated with a velocity. Particles fly through the
search space with velocities that are dynamically adjusted in a collaborative way.

Therefore, particles tend to fly towards the optimal solution(s).
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Figure 5.8. Hybrid GA-PSO optimisation procedure [14,15].
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GA can avoid traps in local minima while PSO converges rapidly. The hybrid GA-
PSO algorithm combines the most appealing features of the two different algorithms.
In addition, the PSO algorithm also provides appropriate initial values within a finite
number of trials for their use in the other algorithm (GA), allowing it to converge
rapidly towards the global minimum. Its procedure and iteration are illustrated in Figs.

5.8 and 5.9 respectively.
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Figure 5.10. The measured (dashed lines) and simulated (solid lines) axial

components of MFL along the y-axis under different temperature conditions.

The simulated MFL results along the y-axis at -40 °C, 20 °C and 60 °C as examples
are plotted in Fig. 5.10 comparing with the results obtained from measurements. All
the simulated MFL signals are normalised by the maximum amplitude of the MFL
signal at 20 °C. The same operation is applied to the measured MFL signals. It can be
found that both the shape and highest amplitude of the simulated MFL signals are
consistent with the measured ones. It indicates that the proposed dipole model is
adequate to predict the temperature-dependent MFL accurately. The distances
between two minimum values of the measured MFL signals are slightly narrower than

those of the simulation. It may be caused by the effect of magnetic compression [17],
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which is not considered in the analytical model. But this will have little influence on

sizing the defect as the simulated widths of half-peak agree with the experimental ones.
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Figure 5.11. The measured and predicted peak-to-peak amplitudes of the normalised

MFL signals obtained from different temperatures.

To evaluate the relationship between the MFL signal and the temperature
quantitatively, the peak-to-peak amplitudes (App) of the normalised MFL signals are
estimated and plotted in Fig. 5.11. It can be found that the dependence of MFL peak-
peak amplitude on the temperature obtained from the experiment corresponds with the
simulated ones with a coefficient of determination (R?) higher than 0.9. When the
temperature range expands wider, an approximately exponential decrease will be
demonstrated since the key parameters of J-A model exponentially decrease with the
increase of temperature. Hence, though the increase of temperature from -40°C to 60°C
results in the decrease of the peak-to-peak amplitude of the MFL signals by just 6.10%,
it does not mean that the effect of temperature can be omitted when defect dimensions
are estimated by MFL method. Besides, in the case that the environmental
temperatures are far from Curie Temperature, after expanding the exponential function

and binomial series using Taylor series expansion and omitting the high-order and
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infinitesimal items, it would show an approximately linear function. Therefore, the
value of App shows an approximately linear decrease with the increase of temperature

from -40 °C to 60 °C with a goodness of fit higher than 0.9 as well.

5.4.2 The combined effects of temperature and thermal stress on MFL

Before calculating the MFL field influenced by temperature and thermal stress, the
magnetostriction coefficients need to be determined. The magnetostriction (1) vs
magnetisation (M) butterfly loop measured at 0 MPa is plotted in Fig. 5.12. The
magnetostriction butterfly loop is more complex than that measured at a low magnetic
field [12,18,19] since the domain activities experience more complex processes.
Taking the excursion of magnetostriction with magnetisation in the positive half of the
magnetisation cycle of M250-50A NO steel that is cut parallel to the rolling direction
for instance, at low magnetic field marked as region a, the external field moves the
domain walls leading to the increase of the volume of the domains closest to the field
at the sacrifice of the other domains. In this region, the magnetostriction results from
the motion of the 90<“and 180 “domain walls. Due to the displacement of 180 “domain
walls the suppression of 90=domain walls, the sample elongates slightly with the
magnetisation until 1.0<10® A/m. Besides, the magnetostriction may also excurse a
slight decrease due to the reversible magnetisation and domain rotation. With the
increase of magnetisation in region b, the annihilation of the 180 “walls starts, and the
90 “domain walls rotate towards the magnetic field direction. These result in the rapid
increase of magnetostriction with magnetisation, and finally the magnetostriction
reaches its saturation in region c, where the domain closest to the field occupies the
whole grain. But continuing to increase the magnetic field, the rotation of the domain
becomes dominant in the magnetisation of the whole specimen. Since the spontaneous
elongation of the domain becomes smaller or even negative when the domain
magnetisation rotates from the crystal axis [20], the magnetostriction decreases with
magnetisation as shown in region d. When the magnetisation drops from its maximum
value, the domains rotate back to its crystal axis in region e and then the 90“°domain
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walls re-emerge in region f. In region g, the magnetostriction sharply decreases to zero
at 8.7>10° A/m and with the decrease of magnetisation, the magnetostriction reaches
its minimum value around -0.07 pm/m. It finally returns back to zero at M =0 A/m in
region h. It can be found that the change of magnetostriction from saturation to zero
is much faster than that from zero to saturation due to the anisotropic energy of the
grain [21]. The upward and return curves of the butterfly loop follow different paths

due to the irreversible magnetisation process in domains [22].
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Figure 5.12. The measured magnetostriction butterfly loop for M250-50A NO steel

without external stress.

To fit the complicated magnetostriction loop is not an easy task. Jiles et al. [23]
proposed an infinite series to empirically model the relation between magnetostriction
and magnetisation. For example, the eight-degree polynomial could approximate the
average of magnetostriction as shown in Fig.5.12. However, it is impossible to model
the stress-dependent MFL due to the infinite or massive parameters. The
magnetostriction is generally simplified as a parabolic function of magnetisation as
expressed in Equation (5.26). Since the sample is magnetised at high field, the

parabolic approximation is fitted at high magnetisation in regions c to e of the A vs M
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curves, and the coefficient y11 is determined as -2.58x10%° (A2m?). The
determination of the coefficient y12 needs the fitting to the magnetostriction measured
under stress. But the value of y12 is so small that the fitting result may be altered
significantly with slightly different measured loops. Taking the terms yi1 + y120 in
Equation (5.26) as one coefficient, it could obtain a few parabolic fitting coefficients
under various stresses as shown in Fig. 5.13. The slope of the coefficient as a linear
function of stress can determine the value of yi,, which is around 7.37><1027(A"

2 m? Pat) according to the measurements.

Table 5.2. The parameters of magnetomechanical J-A model for M250-50A NO

electrical steel

Parameters value Sources
1 -2.58x101° (A2 m?) Fitting to
Magnetostriction the
coefficients P12 7.37x<102%" (A2 m? Pal)  measured
curves
Coefficient of ~ CTE of ceramic glass 1.00x107 °C*?
thermal [24,25]
_ CTE of NO steel 11.90x10° °C'?
expansion
The parameters ~ Young’s Modulus, E 205.00 (GPa)
of elastic [26]
. Poisson’s Ratio, v 0.28
mechanics

Due to elastic limitation in tension and bending in compression, there is only a
limited temperature range that is suitable for the model verification. The MFL signals
simulated and measured at -10°C, 0°C, 10°C, and 20°C are respectively normalised by
the maximum amplitude of the calculated and experimental MFL signal at 20°C,
where the stress is OMPa. The predicted MFL results along the y-axis are plotted in
Fig. 5.14 comparing with the results obtained from experiments. It can be found that
both the shape and highest amplitude of the predicted MFL signals approximate the

experimental results, which manifests that the proposed dipole model is adequate to
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predict the combined effect of temperature and thermal stress on MFL with high

accuracy.
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Figure 5.13. The magnetostriction coefficient of M250-50A NO steel fitted under

various stresses using parabolic function.
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To evaluate the relationship between the MFL signal and the temperature
quantitatively, the peak-to-peak amplitudes (App) of the normalised MFL signals are
calculated and plotted in Fig. 5.15. It can be found that the dependence of Ap, on the
temperature obtained from the experiment corresponds with the simulated ones with
a coefficient of determination higher than 0.9. The value of App demonstrates the
approximately linear decreasing trend with increasing temperature from -10°C to
20°C. The temperature dropping of 30°C from room temperature results in an increase
of 6.87% in the amplitude of the MFL signal, which is much larger than that
considering thermal effect only (2.04%). Hence, it needs to be considered in precise

defect sizing using the MFL method.
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Figure 5.15. The measured and predicted peak-to-peak amplitudes of the normalised

MFL signals obtained from different temperatures.

Both the shapes and the highest amplitudes of the predicted MFL signals are close
to the measured results, indicating that the proposed improved dipole model is
adequate to predict the effect of temperature itself and the combined effect of

temperature and thermal stress on MFL with high accuracy. However, several
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limitations of the proposed magnetic dipole model should be stated. First of all, before
the application of the temperature-dependent dipole model, prior knowledge of the
material and defect should be acquired, including the hysteresis curve of the material
measured at various temperatures, its magnetostriction loops obtained at different
stress conditions and the stress distribution around the defect. Besides, the model is
not adequate to precisely deal with the defects with complex shapes due to the
difficulty in calculating the demagnetising factor. Furthermore, one of the factors that
limit the applicability of the J-A magnetomechanical model using Equations (5.28) ~
(5.34) to simulate the MFL signal is the domain coupling factor «. In this case, its
value is so small that it can easily become lower than zero with thermal stress using
Equation (5.25). Therefore, there are a few areas on the defect wall that cannot be
calculated using the dipole model when the temperature is far from the reference
temperature. These blank data are filled using cubic spline interpolation since the
heterogeneous distribution of magnetisation follows periodic change with angle. In
the case of outliers during interpolating, the maximum and minimum interpolation
values should be limited. But it is necessary to mention that the model would work

better in a magnetically harder material.

For a defect with a given shape and size, since the relative permeability satisfies
ur(6)>>1, the differential of both sides of Equation (5.33) with respect to the
temperature can be approximated to the differential with regard to thermal stress to
simplify the evaluation of the effect of temperature on the MFL signal

OHray . 1 (92, M =) ~ k(2% LN
T~K(ar M5 a)~K(aaT M+60T ) (5.38)

where K is related to the geometrical size. Equation (5.38) has been proven to be an
approximate four-order polynomial [4]. If omitting the high-order items, the dominant

contribution should be owed to

oa (3y11+6Y15°0)
— =11 5.39
OO'T Ho ( )
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The experiments in the cases of the temperature exceed the limited range are
carefully conducted. The measured peak-to-peak values of MFL signals after
normalisation are plotted in Fig. 5.16. It can be found that a parabolic approximation
could well fit the measured data with a goodness of fit higher than 0.9. For the ease of
visual analysis, the parabolic dependency of the amplitude of the MFL amplitude on
the combined effect of temperature and thermal stress is concluded. Temperature
cooling from 60 °C to -40 °C leads to an increase of 35.99% in the amplitude of MFL

signals and should be considered in the inverse problem for defect sizing.

1.30

125+

1.20} %“%}~\%
1.15| \\%
110} \\\iﬁ\
105 '+
1.00 | % Measured data %\\
0.95¢ %

0.90 ¢

o5 L . .
40 -30 -20 -10 0 10 20 30 40 50 60

---- Parabolic approximation \%\ %

Normalised MFL peak-to-peak amplitude

Temperature (°C)

Figure 5.16. The approximation of MFL peak-to-peak amplitude as a parabolic

function of temperature.

5.5 Chapter Summary

The temperature-dependent dipole models were proposed to understand and predict
the effects of temperature and thermal stress on MFL field induced by a cylindrical
through-hole in a NO steel sheet analytically. The temperature-dependent J-A
hysteresis model has been modified by using the reference temperature (e.g., room

temperature) instead of absolute zero and improving the equation for the temperature-
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dependent reversibility factor, c, to facilitate the use of the model in environmental
temperature. The magnetic dipole model, which considered the direct effect of
temperature only, was established to predict the dependency of the amplitude of the
MFL signal on the temperature. Besides, the thermal stress distribution around the
defect was solved by using theories of thermodynamics and solid mechanics.
Subsequently, the temperature-dependent magnetic dipole model considering the

combined effects of temperature and thermal stress was developed.

Temperature experiments were carefully arranged to measure the hysteresis loops
of a healthy M250-50A NO silicon steel specimen with 0.45mm in thickness and
detect the MFL signals induced by a cylindrical through-hole in an M250-50A NO
silicon steel by using the environmental chamber. The parameters and thermal
coefficients of the temperature-dependent J-A model were determined by using the
GA-PSO algorithm. In the case where only the effect of temperature was involved, the
temperature heating 100°C from -40°C resulted in a decrease of 6.10% in the peak-to-
peak amplitude of the MFL signal, which fitted with the simulated ones well. To
implement the magnetomechanical calculation, the magnetostriction coefficients were
determined by parabolically fitting the measured butterfly curves. The measured data
illustrated that the temperature refrigerating 30°C from room temperature (20 °C)
caused an increase of 6.87% in the peak-to-peak amplitude of the MFL signal, which
was much larger than that in the exclusive temperature condition (2.04%). The
temperature cooling down from 60°C to -40°C altered the amplitude of the MFL signal
by 35.99 %, which could significantly influence the results of defect dimension
estimation by using the inverse MFL method. To size the defect accurately, the effect
of temperature on the MFL signal should be considered in the calibration process. The
improved magnetic dipole models could provide valuable tools to understand and
evaluate the contribution of temperature and thermal stress on the induced MFL
signals. Furthermore, it could be applicable for solving the inverse problem for defect

sizing under multiphysics field.
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Chapter 6

Evaluation of the Effect of Temperature on Magnetic Barkhausen

Noise

The effect of temperature on magnetic Barkhausen noise (MBN) can be divided into
two types: the direct effect of temperature itself and the indirect effect of thermally
induced stress. The theoretical model is proposed in this study for describing these
effects of temperature on the MBN signal. For the case considering the direct effect of
temperature only, the analytical model allows the prediction of the effect of
temperature on MBN profile, and based on the model, a simple linear calibration curve
Is presented to evaluate the effect of temperature on MBN amplitude quantitatively.
For the case where the indirect effect of thermal stress is taken into account in addition
to the direct effect, the proposed theoretical model allows the deduction of parabolic
function for quantitative evaluation of the combined effect on MBN. Both effects of
temperature on MBN, i.e., the direct only and the combined one, have been studied
experimentally on an M250-50A non-oriented (NO) electrical steel and a NO steel
adhered to a ceramic glass, respectively. The reciprocal of the measured MBN peak
amplitude (1/MBNp) in the first case shows a linear function of temperature, which
agrees with the proposed linear calibration curve. In the experiments considering the
combined effects, 1/MBNp shows parabolic dependence on temperature, which is

further simplified as piecewise functions for practical applications.
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6.1 Introduction

The magnetic Barkhausen Noise (MBN) is generated by the discontinuous domain
wall motion and domain transition in the ferromagnetic materials subjected to a
changing magnetic field [1]. During these processes, pinning sites, local
microstructural defects, and stresses (local and global) jointly contribute to the
discontinuous stepwise jumps [2], which can be detected by the search coil near the
surface of the sample. Such sensitivity allows the MBN technique to be applicable in

various NDE fields, such as residual stress [1,3,4] and hardness [2,4].

The root-mean-square (RMS) is a widely used feature of MBN for analysis in NDT
measurements. Its amplitude is found to decrease with the increase in temperature [5—
7]. E.g., Wang et al. [5] and Guo et al. [6] experimentally shown a decreasing trend in
the peak RMS amplitudes of MBN signals, which were measured for A3 and Q235
steels respectively, as increasing of temperature under free of applied stress. And
Altpeter [7] observed that the RMS amplitude of the compact cementite specimen
disappeared at its Curie temperature. Since Barkhausen noise is originated from
magnetic properties of ferromagnetic material [8-11], and in turn, the magnetic
properties are directly influenced by temperature, this leads to a direct influence of
temperature on magnetic Barkhausen noise [12,13]. However, the temperature rarely
independently affects the MBN signal. The environmental temperature may lead to
thermal stress where, for example, the stress value in a seamless track of a high-speed
railway could reach tens or even hundreds of MPa [14,15]. Due to the sensitivity of
MBN to stress [1,3,4], thermal stress could result in a noticeable RMS change [14].
Therefore, it is necessary to understand and distinguish the mechanism of the effects
caused by temperature and thermal stress as well as evaluate these effects on MBN

quantitatively.

The theoretical description of the Barkhausen effect is known to be a difficult task

due to its random nature. A limited number of attempts have been made to
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quantitatively analyse the combined effects of temperature and thermal stress on the
MBN measurement. But progress has been made in recent years. The most notable
attempt to mathematically describe the Barkhausen emission was made by Alessandro,
Beatrice, Bertotti and Montorsi (ABBM) [16], who proposed a model of the effect
based on a stochastic process. The model was extended to the entire hysteresis loop
by Jiles, Sipahi and Williams (JSW) [8], who assumed the Barkhausen activity in a
given time interval was proportional to the rate of change of magnetisation.
Subsequently, Jiles et al. [17] modified the differential susceptibility dM/dH as
dMir/dH to eliminate the influence of reversible magnetisation that rarely induces
Barkhausen activity. Lo et al. [10] used an extended hysteretic—stochastic model,
introducing the magnetomechanical effect, to simulate the influence of stress on
Barkhausen emission. Mierczak et al. [9] found the linear dependency of the reciprocal
peak amplitude of MBN signal on stress and proposed a method for evaluating the
effect of stress. Wang et al. [5] and Guo et al. [6] investigated the temperature effect
of stress detection using MBN and proposed an analytical model base on the average

volume of Barkhausen jump.

In this chapter, the MBN model combined with the Jiles-Atherton (J-A) hysteresis
model that has exerted latent capacity to introduce the effects of stress [18] and
temperature [12,13] is adopted to study the theoretical correlations between
Barkhausen emission and temperature. The methods to quantitatively evaluate the
direct temperature effect and the combined effect of temperature and thermal stress on
MBN are presented. The rest of this chapter organises as follows. In Section 6.2, the
temperature-dependent MBN models are proposed based on the magnetothermal and
magnetomechanical J-A hysteresis models. In Section 6.3, the details about the
verification experiments, including the specimen tempered procedure and the MBN
sensor configuration, are explained. Both the performance and limitations of the
proposed model are discussed in Section 6.4. Finally, the major findings of this study

are discussed in Section 6.5.
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6.2 The Effect of Temperature on Magnetic Barkhausen Noise

6.2.1 The direct effect of temperature on magnetic Barkhausen noise

In Chapter 5, The thermal effect has been incorporated into the traditional J-A
hysteresis model by modifying the key five parameters of J-A model (see Equations
(5.1) ~ (5.9)), i.e., the saturation magnetisation Ms, the pinning factor k, the domain
density a, domain coupling factor a, and the reversibility factor c. The previously
constant values of these parameters have been modified as varying thermal

parameters, which are further used to simulate the MBN.

The Barkhausen emissions caused by the discontinuous magnetisation changes
inside ferromagnetic material with stochastic nature have been modelled based on the
J-A model previously [8-11,17]. According to the basic model discussed in Chapter
2, the sum of Barkhausen jumps in the given period At is proportional to the total

variation of irreversible magnetisation following the equation:

dMirr i
M]S:y'T'At:y'W'E'At (61)

And the differential expression of Barkhausen jumps is given as [11,17]

dM]S — AdMirr

dH dN
dt dH E (Mdisc> d

Y (6.2)
When the temperature effect is taken into account, the thermal energy influences the
magnetisation behaviour. It leads to changes in magnetic properties such as

susceptibility, coercivity and hysteresis loss. And it further affects the Barkhausen

jumps as

dM;s(T) _ dMyr(T) dH L y._GN

at  dH dt (Maisc) dMyr(T) (63)
where

AMpr(T) _ Mgn(T)=M;pr (T) a(T)am(T)

aH k(T)S [1+ dH ] (6.4)

In Equation (6.3), if the rate of change of applied magnetic field dH/dt with time is

consistent during the measurements under various temperatures, the Barkhausen
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jumps are dominated by the differential susceptibility of irreversible magnetisation
dMirr(T)/dH as the rest part on the right-hand is represented the random behaviour of
the model. It is known that the maximum value of Barkhausen noise occurs at

coercivity point Hc [9,10] so that the peak amplitude of MBN can be written as
, ,dH
MBN, = x4 (G- n,) v - At (6.5)

where yy,_is the differential susceptibility of irreversible magnetisation at the coercive
field. It is known that in soft ferromagnetic material the maximum differential
susceptibility of irreversible magnetisation y;_can be approximated by anhysteresis
differential susceptibility y,, [9,10]. Here, y represents the random behaviour of the
model. But since the predicted and measured RMS of the MBN will be compared in
this study, the stochastic fluctuation caused by Poisson distribution is replaced by the
expectation after averaging. Due to

3a 1

T Mo Xam (6.6)
It could be arrived at
! 1 3a(T)E(T)
- B — a(T)E(T 7
XI’-IC(T) )(II.IC(Tr) Mst(Tr)(;C__;)Bl a( T)f( ) (6 )
where
1 T—T T.—T \P1
§(T) = exp [E . T_] (TC_TT) 4 ©8)

When the rate of change of applied field with time is determined and the random
behaviour is ignored, the temperature-dependent peak values of MBN, MBNy(T),

deduced from Equations (6.5) and (6.7) can be given by:

1 _ 1 _ 3a(T)E(M)
MBN,(T)  MBNu(Ty) K Mst(Tr)(TTC_TT )/31 a(T)§(T) (6.9)
c—Ir

where x is a constant coefficient about the rate of applied field change and the averaged
irreversible magnetisation coefficient at the coercivity point. In the case that the

environmental temperatures are far from Curie Temperature, the binomial series and
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exponential function are expanded using the Taylor series. Omitting the high-order

and infinitesimal items, Equation (6.9) can be rewritten as

1 1
MBN,(T)  MBNp(Ty) " [A+B xT] (6.10)

where A and B are constants since all the parameters are determined and given as

_ 3a(Ty) _ a(Ty)
T Mg(T))Bs  Bs (6.11)

_ a(ry) _ 3a(Ty)
B= Tefs  Mse(Tr) T B3 (6.12)

Equation (6.10) shows the linear tendency of the reciprocal MBN peak value,

representing the effect of temperature on Barkhausen noise.

6.2.2 The combined effects of temperature and thermal stress on MBN

In the previous chapters, it has been discussed that when a ferromagnetic material
was subjected to the action of elastic stress (¢) in an applied magnetic field (H), the
equivalent magnetic field induced by the stress H, would be introduced into the

effective field, He [10,18,19] by
_ 39 (cos20 — vsin20) (2L
H,=H+aM + ” (cos*8 —vsin 9)(6M) (6.13)
0

where v was the Poisson’s ratio, & was the angle between the stress axis and the
direction of H, and 4 is the bulk magnetostriction. When the strength of magnetisation
was relatively weak and the direction of stress was parallel to that of magnetisation,
the partial differential term with respect to magnetisation is determined by fitting 4 =

at rom experlment. ence quatlon . Ccou e rewritten as
bM2 [9] i Hence Equation (6.13) could b i
H,=H+aM + i—abM:H+dM (6.14)
0

As discussed in the previous chapter, the thermal stresses were classified into two
types: type 1 was caused by asymmetric temperature distribution in a structural
component and type 2 resulted from different coefficients of thermal expansion (CTE)

of two materials in a multilayer structure (see Equations (5.19) and (5.20)) [20].
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Assuming there was no fixed constraint along the z-axis, for an isotropic lamination
specimen, oz, oxz, oy, in Equation (5.21) were approximately equal zero, oxy = 7xy and
&xy = yx/2, hence, the thermal stress, o, could be inferred from the thermal strain below
elastic limitation [21] as
[?1-u_JL__r_v1zv g ]Fm] 6.15
1= G-z ‘6 0 (1 2v)/2 vy (6.15)

Txy Yy

Assuming the direction of magnetisation is parallel to the y-axis, the stress along the
y-axis calculated by Equation (6.15) will be substituted into Equation (6.14) for the
further magnetic simulation using the following expression considering the combined

effects of temperature and thermal stress

aM(T) _ xm(T)
dH  k(T)6—a(T)xm(T) (6.16)

Substituting the new equation of differential susceptibility of magnetisation into
Equations (6.2) ~ (6.4) would obtain Barkhausen noise expression influenced by the
joint actions of temperature and thermal stress. It would represent the Barkhausen
jump behaviour at a given temperature. However, the focus in this study is the extent
to which the temperature and thermal stress impact Barkhausen noise. Following an
analogous argument to the reciprocal MBN peak value influenced by temperature
exclusively, the reciprocal MBN peak value impacted by the combined effects of
temperature and thermal stress is given by the following expression

1 1
MBN,(T)  MBNy(Ty)

=K4A+BxT—ﬁ%q (6.17)

where «1 is a constant coefficient analogous to «.

The improved MBN maodel, including the direct effect of temperature and the
indirect effect of thermal stress, provides a way to investigate the effects of
temperature on the MBN signals. The application scope of the proposed model is not

limited to the case in this study. It is also appropriate to model MBN with the
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multiphysics problems involving temperature and stress if the magnetic properties and

the magnetostrictions can be determined.

6.3 Verification Experiments for the Temperature-dependent MBN

6.3.1 The MBN experiments for the direct effect of temperature

The MBN experiments that study the direct effect of temperature itself on MBN are
conducted on the lamination disc of M250-50A non-oriented (NO) grain silicon steel
with 0.45 mm in thickness and 30 mm in diameter. Such specimen sizes could
facilitate fast and evenly heating/cooling of the whole body of the sample. Compared
with grain-oriented (GO) silicon steel, the NO specimen can be considered an isotropic

material in magnetic and mechanic properties.

In this study, the Barkhausen noise measurements are carried out in the
environmental chamber HC4033 from Vdsch. It uses the compressor to refrigerate
and the fan to ventilate, which might introduce undesired vibration and
electromagnetic interference. Hence, the S1-16-12-01 type MBN sensor supplied by
Stresstech with shielding case and good stability could reduce electromagnetic
interference. Besides, the sensor is assembled on a motorized XYZ® translation stage
from Thorlabs to move the sensor to the specimen centre in precise control and steadily
contact the sample surface. The measurement set-up is mounted on a non-magnetic
breadboard, placed on a shock mitigation frame to reduce vibration interference
further. The experimental setup is cooled and heated together with the sample. There
are two test holes in the chamber used to connect the experimental setup in the
chamber to the control and data acquisition (DAQ) systems out of the chamber. The
sensor is communicated with the computer via the Rollscan 300 MBN analyser using
Microscan 600 system, which could control the start, stop, magnetising frequency,
etc., and acquire the MBN data. The experimental setup and the schematic diagram of

the Barkhausen sensor are presented in Fig.6.1.
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Figure 6.1. (a) The photograph of MBN experimental set-up inside the environmental

chamber; (b) The schematic diagram of the MBN sensor. (c) The schematic diagram

of the MBN experimental set-up for direct thermal effect testing.

During measurement, the sinusoidal current is fed into the primary coil to generate
magnetic flux in the ferrite yoke, which forms magnetic flux closure with the test
sample. The Barkhausen emissions from the magnetised section of the tested sample
are detected in the form of voltage pulses induced in the searching coil winding on a

ferrite probe. The magnetising frequency and voltage used in the measurements are

174



set to 50Hz and 10V, respectively. The output voltage of the pick-up coil is
subsequently amplified with the low noise AD797 operational amplifier and digitized

by the Microscan 600 system with a sampling frequency of 2.5MHz.

Similar to the MFL experiments described in the previous chapter, in MBN
experiments, the sample and MBN measurement set-up are also refrigerated from
20C to -40<C with 10<C temperature interval, and then heated up to 60 <C with 10C
increment step by step. At each set temperature point, the measurement will implement
after the temperature being steady for more than 10 minutes. At each temperature
point, eight cycles of Barkhausen noise signal are measured, and then the mean value
of RMS is obtained from these cycles. The entire process is repeated five times to

reduce the random behaviour of Barkhausen jumps and measurement error.

Before these MBN experiments, the specimens are annealed at 400 <C for two hours
to relieve the residual stress. The quasi-static hysteresis curves of an Epstein strip of
M250-50A at different temperatures have been measured to determine the key
parameters of the temperature-dependent J-A model in Chapter 5. The key parameters
values determined by the hybrid GA-PSO algorithm in the previous chapter are listed
in Table 5.1.

6.3.2 The MBN experiments for the combined effects of temperature and thermal

stress

A-A
_ C

\
A

eramic glass

Electrical stee Superglue

Figure 6.2. The thermally induced stress structure.
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Figure 6.3. (a) The MBN experimental setup for combined thermal effects testing; (b)
The schematic diagram of the MBN experimental setup for combined thermal effects

testing.

In the MBN experiments that study the combined direct and indirect effects on
MBN, the M250-50A NO silicon steel disc is glued to a ceramic glass disc (Schott
Zerodur), whose CTE (1x10-7 <T1) is much smaller than NO steel (11.9x10-6 <T™),
at room temperature (20 <C). The experimental conditions related to this work can be
described via the type 2 thermal stresses, where two components with different CTEs
are fixed together at the reference temperature. The multilayer structure shown in Fig.
6.2 could induce thermal stress when the temperature changes due to the considerable

difference in CTE between the two materials.

Similar to the experiments described above, the multilayer structure adheres to the
rotation stage, and the MBN sensor is located on the centre of the NO steel disc as
shown in Fig.6.3. The setup together with the multilayer is cooled from 20<C to -40<C

and heated up to 60 <C with 10 <T intervals. The magnetising frequency and voltage
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used in the measurements are set to 50Hz and 5V, respectively. The measurement
process is repeated five times as well. Before these MBN experiments, the key

parameter of magnetostriction (1) is measured and illustrated in Fig.6.4.
6.4 Results and Discussion for the Effects of Temperature on MBN

The magnetic hysteresis loops of the M250-50A NO electrical steel strip have been
measured using a computer-controlled hysteresis loop tracer at a quasi-DC field of
5mHz as described in Chapter 5. The measurement system is subject to various
temperatures that are controlled by the environmental chamber. The temperature-

dependent parameters of J-A model have been listed in Table 5.1.
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Figure 6.4. The magnetostriction as a function of magnetisation for the M250-50A

NO electrical steel.

Other than the magnetostriction curve measured in the high field shown in Chapter
5, the magnetisation of MBN is generally lower than the saturation one. In this case,
the magnetostriction would show a clear parabolic function of magnetisation. Fig. 6.4
shows the magnetostriction A vs magnetisation M butterfly loop for M250-50A NO

electrical steel. The parabolic function is used to fit the butterfly loop, and the obtained
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slope dA/dM of the parabolic approximation for the NO steel sample is 5.631078
(m?/A?). It indicates that the stress equivalent field H, would be positive under applied
tensile stress and negative under compressive stress. The stress-dependent parameters
of J-A model could be found in Table 5.2, but the magnetostriction coefficient is

replaced by b = 5.63x10718 (m?/A?).
6.4.1 The direct effect of temperature on MBN

The typical raw MBN signal measured for the NO steel is plotted in Fig. 6.5. The
RMS feature of MBN signal is extracted for analysis. As examples, the experimental
MBN signals along the y-axis at -40 <C, -20 <C and 20 <C are shown in Fig. 6.6, and
the corresponding simulated MBN signal using Equation (6.11) are plotted at the
related locations of experimental ones. All the simulated and measured MBN signals
are normalised by the maximum amplitudes of the simulated and measured MBN
signals at 20 <C, respectively. It can be found that the highest amplitude of the
simulated MBN signals is consistent with the measured ones. It indicates that the
proposed temperature-dependent MBN model is adequate to predict the RMS profile

of MBN under various temperatures accurately.
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Figure 6.5. lllustration of raw Barkhausen bursts and the corresponding RMS

envelope.
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Figure 6.6. The simulated and measured MBN signal envelops for M250-50A NO

electrical steel under various temperatures.

The RMSs of the measured MBN signals show one more peak than those of the
simulation. Two peaks of MBNms for NO silicon steel were not typically reported but
have been observed by other investigators [22-24]. This phenomenon has also been
shown in measured results for grain oriented silicon steel [25,26]. It is believed that
the main peak near the coercive field is caused by the irreversible magnetisation
process. Magnetic flux density decreasing from saturation results in the nucleation and
growth of new domains at various sample defects and grain boundaries [23-26]. A
large number of domains and the high moving velocity of domain wall near the
coercive field lead to the highest level of Barkhausen emissions [8-11]. The secondary
peak occurs at a higher field, where the domain annihilation and rotation gradually
emerge [23-26]. Therefore, the secondary peak is possibly caused by this process. Its
level is lower than the main peak. In this study, NO electrical steel is considered an
isotropic material in mechanics. Its magnetic properties are modelled according to the
measured hysteresis loop along its rolling direction. The maximum peak values of

measured MBN signals along the rolling direction appear around the coercive field
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corresponding to the model (see Fig. 6.5). Therefore, the comparison of the maximum
peak of simulated and measured results could be used to verify the feasibility of the

model.
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Figure 6.7. The reciprocal MBN peak amplitude as a function of temperature

measured for M250-50A NO electrical steel.

To evaluate the relationship between the MBN signal and the temperature
quantitatively, the reciprocal of maximum peak RMS values of the measured MBN
are normalised by that at 20 <C and plotted in Fig. 6.7. It can be found that the values
at 50 T and 60 <T show an unusually steep rise. When the environmental temperature
increases over 50 <C even 60 <C, the temperature inside the sensor could be higher
than the operating temperature. The primary coil operation will heat the sensor and
lead to an internal temperature higher than 80 <C. Generally, the Curie temperature of
ferrite core (such as Mn-Cu, Mn-Zn ferrites) is not far from 100~150 <C, and its

magnetic properties will sharply degrade when it is approaching its Curie point.
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Besides, the maximum operating temperature of the operational amplifier inside the
sensor is 80<C. Therefore, the measured MBN signals at 50 <C and 60 T are

eliminated in comparison with simulated results.
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Figure 6.8. Dependence of reciprocal MBN peak value on temperature approximated

with a linear function.

The predicted relation between MBN signal and temperature using Equation (6.9)
is plotted in Fig. 6.8 together with the measured results. It can be found that the
dependence of the reciprocal peak amplitude of the MBN signal on the temperature
obtained from experiments corresponds with the simulated with a coefficient of
determination higher than 0.93. For a ferromagnetic material with a much higher Curie
temperature than environmental temperatures, such as for iron (Curie temperature
770°C), the reciprocal of MBNms peak amplitude increases approximately as a linear
function as shown in Fig. 6.8 corresponding to the prediction of Equation (6.10). The
linear approximation in the normal environmental temperature range is consistent with

the experimental results (R? higher than 0.91).
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6.4.2 The combined effects of temperature and thermal stress on MBN

One of the factors that limit the applicability of the J-A magnetomechanical model
using Equations (6.13), (6.14) and (6.16) to simulate the MBN signal is the domain
coupling factor «. Its value is so small that it can easily become lower than zero with
stress using Equation (6.14). Therefore, there is only a limited temperature range that
allows the applicability of this multiphysics MBN model. It is necessary to mention
that the model will work better in a magnetically harder material. To quantitatively
evaluate the effect of temperature on the MBN signal, the main concern is the extent
to which the temperature and corresponding thermal stress impact Barkhausen noise.
Even for those magnetically harder materials that could calculate the MBN envelopes,
their peak amplitudes will be further represented as a temperature function given in

Equation (6.17).

As discussed above, the reciprocal of MBN peak amplitudes influenced by the direct
effect of temperature were approximated as a linear function of temperature. And
hence, Equation (6.10) can be rewritten as

1

where p1 and C are constant coefficients. The last term of Equation (6.17) is also
proportional to temperature if the coefficient b is constant. And hence, the
characteristic of reciprocal MBN peak value is the linear superposition of two linear
equations

1

mzPTXT_I_pJXT_i_C (619)

where pr and p, are the constant coefficients for the direct and indirect effect of

temperature, respectively.

The approximated results of the reciprocal MBN signal as a linear function of
temperature using Equation (6.19) are plotted in Fig. 6.9 together with the measured
results. It can be seen that the reciprocal of the measured MBN peak value exhibits a
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clear rising trend for increasing temperature, which is consistent with the prediction
of Equation (6.17) due to the positive value of magnetostriction coefficient b (5.63>10"
8 m?/A? determined by parabolic fitting measured A-M curve as plotted in Fig. 6.4).
The fitting coefficient (0.002647) is much larger than that in Fig. 6.8 (0.0005432) even
with the lower excitation voltage. It indicates that the combined effect of temperature
and thermal stress on the MBN signal is much more significant than the direct effect
of temperature only. However, it should be noted that the fitting goodness of R?
(0.8360) is much lower than that in Fig. 6.8. It may result from the magnetostriction

coefficient b rarely being a constant.

In general, the magnetostriction curves, for example, reported for carbon steels [27]
and electrical steels [28,29], have shown that the parabolic approximations of 1-M
curves changed with stresses, which resulted in the different values of
magnetostriction coefficient b. Considering the empirical equation of magnetostriction

as a function of magnetisation [18,19]

A = by + (by + byo)M? (6.20)
where bo, b1 and b2 are magnetostriction coefficients, Equations (6.17) and (6.19) can
be rewritten as

1 1
MBN,(T)  MBNp(Ty)

3b,0%(T)+3b,0(T)
Ko

=1 [A+BxT - (6.21)

1

— 2
M) p1 XT*+p, XT+C (6.22)

The measured reciprocal of MBN peak amplitude is parabolically approximated
using Equation (6.22) as plotted in Fig. 6.9. It can be found that the dependence of the
reciprocal of MBN peak amplitude on the temperature obtained from experiments
corresponds with the simulated with a coefficient of determination higher than 0.97.
It implies that the proposed parabolic dependency of 1/MBN, on temperature can be
applied to evaluate the combined effect of temperature and thermal stress on MBN

quantitatively.

183



1.20 i ! i ! !
P $  Measured MBN signal
$ 115 _ R
2 | | --- Linear approximation
g ——— Parabolic approximation
(xu 1-10 ----- : : : :
© i | | |
g i i ! |
= ! ! 1 1
“23 1.05 [ ~ 1/MBN,= 0.002647<T+0.9799

2
g R"=0.8360
= T 1 B N SN SRS R S —
S ! Phe
S i A
= :
kTP D SR AN A B LGN 57 N U N R S
5 09 e |
= ! !
o ! !
§ 0.90 [ ST __1/MBN,= 4.869x107>xT2+0.002647xT+0.9474 ...
- R’ =0.9748
0.85 i i i : :

-40 -30 -20 -10 0 10 20 30 40
Temperature (C)

Figure 6.9. The approximation of reciprocal MBN peak amplitude as a parabolic

function of temperature.

At normal environmental temperature, the thermal stress is usually in the elastic
stress range of material. The dependence of MBN peak amplitude on temperature can
also be approximated by parabolic function within this range. Since the quadratic
equation is combined both effects of temperature and thermal stress, it leads to the
difficulty in distinction of the direct and indirect effects of temperature. Besides,
identifying the stress-dependent magnetostriction coefficients is a difficult task as
discussed in the previous chapter. To simplify the evaluation function, the method
proposed in [9] to linearly approximate the dependence of reciprocal MBN peak
amplitude on temperature is adopted. But if directly eliminating the quadratic term,
the coefficient of the equation degenerates to the linear approximation, which has been
proven to have relatively low fitting goodness. Therefore, the parabolic fitting

magnetostriction coefficient b is various rather than constant.
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It has been experimentally shown [27-29] that within the elastic limitation the
maximum value of magnetostriction A at a given low magnetisation M presented
approximately linear increase as the increasing compressive stress and the decreasing
tensile stress, respectively. But the linear approximations show a larger slope under
compression than that under tension [28,29]. According to the measured peak-to-peak
amplitude of magnetostriction as a function of stress for M250-50A NO electrical steel,
a piecewise linear function is used to fit the measured results under tension and
compression, respectively, as shown in Fig. 6.10. The slope fitting under compression
Is about 4.07 times under tension, which approximately represents the ratio of
magnetostriction coefficient b under compression and tension. Hence, the effect of the
temperature higher than the reference temperature, for which corresponding thermal
stress is compressive, and the temperature lower than the reference temperature, for
which corresponding thermal stress is tensile, are evaluated separately. If the
temperatures higher and lower than reference temperature are defined as high and low
temperature respectively, the Equation (6.21) can be further rewritten as piecewise
linear functions and calibrated with the value at reference temperature (20 <C in this
study) since there is no stress involving in the measurement at the reference
temperature and the measured MBN amplitude at the reference temperature is the
benchmark value of normalisation. The normalised reciprocal MBN peak value
passing through the reference point is given as

1
MBNpH(T) = (pHO' + pT) X (T - Tref) +1 (T > Tref)

1 (6.23)
v — Peo tPr) X (T =Trep) +1 (T <Trer)

where prs and pce, are the slopes related to the thermal stresses caused by high
temperature and low temperature, respectively, and pr is the temperature coefficient
similar to Equation (6.19).

The reciprocal MBN peak amplitude as linear functions of temperature using
Equation (6.23) fitting to the measured results (with a fitting goodness R? higher than

0.98) are plotted in Fig. 6.11. It implies that the simplified practical model can be
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applied to evaluate the combined effect of temperature on MBN peak amplitude. The
ratio of the slopes under high and low temperatures shown in Fig. 6.11 is 4.02, close
to the ratio of the fitting slopes for magnetostriction under compressive and tensile
stresses (4.07). The difference may owe to the direct effect of temperature in addition

to the effect of thermal stress and the errors caused by fitting and measurement.
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Figure 6.10. The peak-to-peak value of magnetostriction as a function of applied

stress in M250-50A NO electrical steel.

For a new ferromagnetic material influenced by temperature, if the prior knowledge
of the temperature-dependent hysteresis and stress-dependent magnetostriction has
been obtained, the MBN profile influenced by temperature could be calculated by
Equation (6.3). In practice, linear functions of temperature could be obtained by
measuring two or more data points and deducing the linear function of temperature
using Equations (6.10) (6.18) (6.22) and (6.23). The MBN peak amplitude at reference
temperature (e.g., 20 <C) needs to be measured to determine the benchmark value at
first. At least another point is needed for linear approximating the reciprocal of MBN
peak value vs temperature. Suppose there is only the effect of temperature itself
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involved in the experiments. In this case, the linear fitting function could characterise
the dependence of reciprocal MBN peak value on temperature and quantitatively
evaluate the effect of temperature on the MBN signal. For example, as shown in Fig.
6.8, temperature heating from -40<C to 40<C results in an increase of 4.49% in the
reciprocal of MBN peak value, which means the MBN peak amplitude decreases 4.60%

in this temperature range.
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Figure 6.11. Dependence of reciprocal MBN peak value on temperature approximated

with linear functions.

Regarding thermal stress involvement, one or more points apart from reference one
should be measured either in high temperature range or low temperature range. Taking
the points in the high temperature range shown in Fig. 6.11 for instance, a linear
function passing through the reference point (20 <C) could be obtained by Equation
(6.23). This linear function could represent the dependency of reciprocal MBN peak

amplitude on heating temperature. There are two methods to determine the
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relationship between 1/MBNp and temperature in the low temperature range. The
simplest one is to measure one or more points in the low temperature range and use a
linear function to fit them as the blue line plotted in Fig. 6.11. For another method,
calculating the coefficients of thermal stress pn, and temperature pr is required using
Equations (6.17) and (6.19). The computed coefficients caused by thermal stress and
temperature are about 7.057>10 and 1.000x107°, respectively. Since the ratio of the
magnetostriction coefficient b under compression and tension is around 4.07, the
coefficient caused by thermal stress in the low temperature range, pcs, can be estimated
as a value of 0.001742. Consequently, the linear function slope for evaluating the
dependence of 1/ MBN, on temperature is 1.734>107, which is closely approaching
the slope of the best linear fitting function (1.756>107%). It indicates that this method
is feasible to evaluate the effect of temperature on the MBN peak amplitude
quantitatively. The piecewise linear dependency of the reciprocal MBN peak

amplitude on temperature is concluded.

The environmental temperature heating from -40 <C to 40 <C results in an increase
of 27.54% in the reciprocal of MBN peak value. Therefore, its effect should be
considered in precise evaluation using the MBN method, such as evaluating residual
stress and hardness. To analyse the low and high temperature range separately, the
temperature cooling from reference temperature 20 <C to -40 <C leads to a decrease of
10.54% in 1/ MBNp, representing the MBN peak amplitude increases 11.78%. While
the temperature heating from 20<C to 40<C causes a sharper increase of 14.13% in 1/

MBN,, which means the peak amplitude of the MBN signal attenuates 12.38% quickly.
6.5 Chapter summary

This chapter considered both the direct effect of temperature and the indirect effect
of thermal stress. In the case where the direct effect is involved only, the extended
MBN model based on temperature-dependent hysteresis was proposed. The

relationship between the reciprocal of MBN peak amplitude and temperature, which
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has been further simplified as the linear function to evaluate the dependence of MBN
peak amplitude on temperature quantitatively, was deduced from the temperature-
dependent MBN model. While considering the combined effects of temperature and
thermal stress, the multiphysics MBN model has been presented, and based on this
model, the parabolic dependence of the reciprocal of MBN peak value on temperature
was given. Practical piecewise linear functions were then presented to approximate
the dependence according to the finding that the magnetostriction coefficients under

compression and tension are different.

Temperature experiments for magnetic hysteresis measurements were conducted on
M250-50A NO steel before MBN experiments. The temperature-dependent
parameters of the J-A model were determined by using the hybrid GA-PSO algorithm.
When the direct effect of temperature itself was exclusively involved, the measured
peak value of MBN signals fitted with simulated MBN envelops well, and the
reciprocal of the peak amplitude of the MBN signal has been experimentally shown
the linear variation with temperature corresponding with the predicted results. The
linear dependency would be useful for the quantitative evaluation of temperature on
the MBN signal. In this case, temperature heating from -40<C to 40 <C resulted in an

increase of 4.49% in the reciprocal of MBN peak value.

In addition to the direct effect, the indirect effect of thermal stress was involved.
The measured reciprocal of the peak amplitude of Barkhausen emission has presented
parabolic dependency on temperature, which was consistent with the predicted
tendency. The parabolic relation was further simplified by piecewise linear functions
at temperatures higher and lower than the reference temperature. It has been proven to
be feasible to evaluate the combined effect quantitatively. The environmental
temperature cooling from the reference temperature 20<C to -40<C led to a decrease
of 10.54% in 1/MBNp. Whereas the temperature heating from 20<C to 40<C caused a

sharper increase of 14.13% in 1/MBNp. The methods to obtain the piecewise linear
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function for the evaluation of the combined effects of temperature and thermal stress
have been proposed. To achieve the evaluation of material and mechanical properties
using the MBN method with high accuracy, the effect of temperature on the MBN
signal should be considered in the calibration process of MBN measurement.
Moreover, MBN is a potential method in structural health monitoring. However, the
temperature compensation for the monitoring data under various temperatures is a
subject remaining to be researched, and the proposed practical method would be

possible to solve this problem.
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Chapter 7

Evaluation of the Effect of Microstructure-induced Anisotropy in

Non-oriented Silicon Steel on Magnetic Barkhausen Noise

The effect of magnetic anisotropy correlated with the crystallographic structure of
non-oriented (NO) silicon steel on Magnetic Barkhausen Noise (MBN) is evaluated.
The theoretical model is proposed for describing the effect of anisotropy on the MBN
signal. Meanwhile, the effect of excitation frequency is also considered in the model.
The proposed model predicts the amplitude increasing and envelope broadening with
the increase of excitation frequency accurately. Besides, it anticipates the decrease in
the amplitude of the MBN envelope and the increase in width as the angle between
the tested direction and rolling direction (RD) increases. The analytical model allows
the deduction of a trigonometric function for quantitative evaluation of the anisotropic
effect on MBN. The effect of anisotropy on MBN has been investigated
experimentally on M330-35A NO silicon steel under excitation frequencies of 50 Hz
and 100 Hz, respectively. Under both excitation frequencies, the measured MBN peak
amplitudes (MBNp) show cosine dependences on the angle, which approach the

proposed trigonometric calibration curves.
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7.1 Introduction

In the previous chapters, the non-oriented (NO) silicon steel is treated as an isotropic
material. However, there could be a significant anisotropy in magnetic characteristics
in some NO steels [1]. The NO steels are usually manufactured under two-stage cold
rolling with intermediate annealing. After the first cold rolling, the annealing could
recrystallize and decarburize the steel. After the second cold rolling, the annealing can
remove residual stress and obtain the desired random grain growth orientation [2]. Due
to the cold rolling processing, inherent anisotropy in its magnetic characteristics
depends on the angle to rolling direction but is much less pronounced than in grain
oriented steel [2,3]. The anisotropic magnetostriction [4] and hysteresis [5,6] have
been experimentally observed in NO steel. In electrical machines applications, it also
has been reported that the magnetic anisotropy in NO steel could lead to the increase
of core losses [7-9], flux harmonics [5] and cogging torque [10]. Besides, it has been
found that both the crystallographic structure and machining process related to the
rolling of the tested material is associated directly with magnetic anisotropy [11-14].
Therefore, the evaluation of the magnetic anisotropy would be correlated with

assessing the anisotropic mechanical properties and crystallographic structure.

MBN has been proven to be the most efficient and fast method to evaluate the
directional magnetic properties [12-16]. The MBN is originated from the
discontinuous magnetic domain wall motion and domain transition in the
ferromagnetic material occurring under alternating magnetic fields [15,17]. The
discontinuous stepwise jumps are attributed to defects in the crystallographic structure
of the material, such as dislocations, second-phase and grain boundaries [16,18]. The
texture of NO steel after rolling and annealing presents directionality [11,12], which
directly affects the pinning sites distribution. Hence, MBN signal could be
significantly influenced by the anisotropy at different testing directions. And in turn,
MBN is also a preferable solution for the evaluation of the anisotropy of the magnetic
material.
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It is well known that the Barkhausen jumps of ferromagnetic material are sensitive
to various factors such as the microdefect, stress and inclusion. Besides, the anisotropy
of material is attributed to a number of factors depending on its microstructure, shape,
and mechanical deformation. As a result, the global magnetic anisotropy is influenced
by all the factors affecting heterogeneous magnetic properties in different directions
of a given material [13]. Therefore, it is an interesting and important topic to
analytically evaluate and distinguish the contributions of different factors on MBN. A
few studies have investigated the stress anisotropy associated with the
magnetomechanical effect [19,20]. The impact of metallographic structure on
magnetic anisotropy using MBN activity has been experimentally observed [13,21].
However, few attempts were made to analytically study the anisotropic MBN induced
by the microstructure of the material. Hence, in this chapter, an MBN model is
proposed to distinguish and evaluate the contribution of microstructure-induced

anisotropy.

In this chapter, the MBN model combined with the directional Jiles-Atherton (J-A)
hysteresis model that considers the effect of frequency is adopted to study the
theoretical correlations between Barkhausen emission and anisotropy. The rest of this
chapter is organized as follows. In Section 7.2, the anisotropic MBN models are
proposed based on the angular dependent dynamic J-A hysteresis model. In Section
7.3, the details about the verification experiments, including the specimen tempered
procedure and the MBN sensor configuration, are introduced. Both the performance
and limitations of the proposed model are discussed in Section 7.4. Finally, the major

findings of this study are discussed in Section 7.5.
7.2 The Directional Modeling of Magnetic Barkhausen Noise
7.2.1 The frequency-dependent hysteresis model

In previous chapters, the static J-A model was used to solve the problems. But the
frequency of excitation may alter the shape and amplitude of the Barkhausen noise
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[22] since the excitation frequency could influence the velocities of magnetic domain
wall motion and domain transition in the ferromagnetic material resulting in the

change of Barkhausen emission level.

According to the conservation of energy, the magnetic energy supplied to an
initially demagnetised material (anhysteresis magnetisation Man) can appear either as
a change in magnetostatic energy or be dissipated due to hysteresis loss (irreversible

magnetisation Mirr) [23]

dMirr
Ho [ MandHe = po [ MdH, + 11o6k(1 = c) fd—HedHe (7.1)

where H, = H + aM, k is the pinning parameter determining the amount of dissipated
energy, § = +1 when dH/dt>0 and § = —1 when dH/dt<0, and c is a parameter

representing the amount of reversible change in magnetisation.

To consider the effect of frequency in conducting material, the static J-A hysteresis
model could be extended by introducing the eddy current losses (classical eddy current

loss and anomalous loss) [23].

The classical eddy current (macroscopic) instantaneous power loss per unit volume

is proportional to the square of the rate of change of flux density [23]

AWes _ d (dB)?
dt  2pp (dt) (7.2)

where d, p and g are the lamination thickness, resistivity and geometrical factor,

respectively.

And the anomalous loss or excess loss (microscopic) originated from the domain

wall motion is given as [24,25]

e () () o2
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where (GdwHo/ p)Y? can be treated as a constant kex as it is a fitting parameter
regardless of the meaning of G, w and Ho. Therefore, Equation (7.2) can be simplified

as

s e () m

Incorporating the eddy current losses into the energy balance Equation (7.1) allows
the total loss W (J/m®) decomposed into hysteresis loss (static hysteresis Whys),

classical eddy current loss (Wcis) and excess 10ss (Wexc)

Wit (£) = Whys(t) + Wes(t) + Wexc () (7.5)

_ dMirr
to | MandHe = pio | MdH, + po6k(1 —c) dH dH,
e

+f%(i—f)2 dt+fkexc6(|i—l:|)3/2 dt (7.6)

In soft magnetic materials, the flux density B approximates to oM. Ignoring the
reversible magnetisation during irreversible magnetising, the differentiation of

Equation (7.4) can be given as

dMirr ! dMirr
Man = Mirr + 6kd—He + k (d—I-IQ) (77)
where
, _ d? dB aB|\1/?
K= 5220t ke (|E|) (7.8)

And the differential susceptibility relation given in [25,26] is employed here

dM _ XM

d_H - kS+k'-aym (79)
where

X = 6 (Mg, — M) + k6c‘ZV’T“: (7.10)
where
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0: 2% < 0 and My, (H,) — M(H) > 0
Om =1 0: 2> 0 and Mgy (He) — M(H) < 0

1: otherwise

(7.11)

In Equation (7.9), the dynamic hysteresis model is driven by the excitation magnetic

field H and the magnetic flux density B or magnetisation M is the dependent variable.

If the magnetic flux density B is the independent variable and the magnetic field H

is the dependent variable, the modified J-A model, i.e., inverse J-A model, allows

calculating eddy current losses described above more easily. The procedure in Refs.

[25,27] was given to obtain H

dM _ dM/dH
dB ~ uo(1+dM/dH)

Substituting it into Equation (7.9), it arrived at

am _ X
dB wolkS+k"+(1—-a) xm]

where

dMgn

Xu = O0m(Mg, — M) + kéc i,

and

0:22 < 0 and Mqn(H,) — M(B) > 0
Om =1 0: 22> 0 and Mgy (H,) — M(B) < 0
1: otherwise

Hence, the dynamic magnetic field could be obtained by

dH 1 dB dM dB

dt  pe dt dB dt

(7.12)

(7.13)

(7.14)

(7.15)

(7.16)
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7.2.2 The angular dependent magnetic hysteresis model

The J-A model usually deals with isotropic problems. But a few attempts have been
made to introduce anisotropy into the J-A model [6,28,29]. The NO steel usually
experiences two annealings after cold rolling, one for recrystallization and the other
for residual stress relief. After the cold rolling, the equiaxed grains are heavily
deformed and elongated in the rolling direction. Though the residual stress is gradually
released and the microstructure recrystallized after annealing, the recrystallized grains
are small in size and amount. In contrast, the main grains are still deformed crystals.
These result in the inherent anisotropy of NO steel [12]. The deformation of grains
increases the anisotropic energy along the rolling direction, and hence the

magnetocrystalline anisotropy energy depends on the rolling direction angle.

Since the anisotropy depends on the angle, the widely used fitting function is a
trigonometric function [6,30,31], though the formulas are different. Following an
analogous formula of anisotropy energy, the angular dependent parameters of the J-A

model that could well fit the measurements is proposed as
x(0) = xzpcos?0 + xppsin?6 (7.17)

where x can be Mg, a, k, o and c. 9 is the angle between the tested direction and the
rolling direction. xrp and xrp represent the identified parameters of J-A model in the

rolling direction (RD) and transverse direction (TD), respectively.

Therefore, Equations (7.9) and (7.12) can be rewritten as

ame) _ xm(6)
dH  k(0)6+k'—a(8)xm(0) (7.18)

am©) _ xm(6)
AB o[k(0)8+k'+(1-a(8)) xm(0)] (7.19)
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7.2.3 The angular dependent magnetic Barkhausen noise

In the previous chapter, the formula of Barkhausen emissions modelled on the J-A

model was given by

AMry . — . AMirr . d_H .
M]S =Y ar At = V4 T At (720)
where
— d(N(MdiSC)) (7 21)
AMry .
dMiry _ Man—Mirr . a-dM
dH kb (1 + dH ) (7.22)

where y was a coefficient with respect to the irreversible magnetisation, and (M ;)

was the average size of discontinuous jumps.

And the differential expression of Barkhausen jumps was given by

dM]_g_dMirr_d_H. ] . dN
dt ~ dH dt (Maisc) dM;y, (7.23)

When the effects of frequency and anisotropy are taken into account, using the
frequency-dependent and angular dependent J-A model, the Barkhausen jumps model

could be modified as

dM]S(f,H) — dM(f.0) . d_H dN

dt dH . Maisc) - AM;(f,0) (7.24)

where

AM i (f.0) _ Man(f,0)—Mrr(f,0) a(f,0)dM(f,0)
dH T k(£.0)5+K'(£,0) (1 + dH ) (7.25)

In Equation (7.24), if the rate of change of applied magnetic field dH/dt with time is
determined, the Barkhausen jumps are dominated by the differential susceptibility of
irreversible magnetisation dMir(f,0)/dH as the rest part on the right-hand is
represented the random behaviour of the model. Since the predicted and measured

MBNms will be compared in this study, the stochastic fluctuation caused by the
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Poisson distribution is replaced by the expectation after averaging. Equation (7.24)

can be further modified as

dM;s(f,0) _ . AMirr (£,6) . d_H
T ar Irms =A dH dt (7'26)

If dB/dt is an independent variable, using the dynamic inverse J-A model, the

Barkhausen jumps model could be expressed by

dM;s(f,0) 1AMy (f,6) dB

aclrms = AT (7.27)
where
dAMr(f,0) _ Man(f,0)—M;r(f,0) LodH(S.0)
aB  po(k(£,0)6+K'(£,0) (“(f' 0) +——— ) (7.28)

Furthermore, it is known that the maximum value of Barkhausen noise occurs at the

coercive field Hc [32,33], as discussed in the previous chapter
; ,dH
MBN, = X1, (5 1) v - At (7.29)

where ;. is the differential susceptibility of irreversible magnetisation at the

coercivity point. It is known that in soft ferromagnetic material the maximum

differential susceptibility of irreversible magnetisation y;_can be approximated by
anhysteresis differential susceptibility y., [32,33]. According to the expression of

differential susceptibility y,, in Equation (6.14), it could be obtianed

1

MBN,(0) = o) (7.30)
where
_ 3a(0) . 3agrp ) 1
[0) =k« [Mst(e) Mot + (agp + arp)sin“0| + BN, ) (7.31)

where x is a constant coefficient about the rate of applied field change and the averaged
irreversible magnetisation coefficient at the coercivity point. When the parameters
along the rolling direction are determined, Equation (7-31) can be further simplified
as
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3a(0) :
NOER s a(0)| +x (7.32)

where k' is a constant coefficient, and the angular dependent parameters a (6), Mst (6)

and « (0) follows Equation (7.17).
7.3 Verification Experiments for the Effect of Anisotropy on MBN

According to the directional J-A model, the angular dependent parameters could be
represented by those in RD and TD. Hence, the Epstein sheets of M330-35A non-
oriented (NO) grain silicon steel cut along RD and TD are used to identify the
parameters of J-A model. The specimens are annealed at 400<C for two hours to
relieve the residual stress. The quasi-static hysteresis measurement system described
in the previous chapters is used to measure the hysteresis loops without the effect of
frequency. The key parameters values in RD and TD are determined by the hybrid
GA-PSO algorithm, and the results are listed in Tables 7.1 and 7.2, respectively.

When the frequency is involved, the computer-controlled AC system is used to
measure the hysteresis loop by controlling magnetic induction as a sinusoidal
waveform. Fig. 7.1 shows the schematic diagram of the system, which includes a
personal computer (PC) with the installed National Instrument software package
Labview, a NI PCI-6120 DAQ card, a power amplifier, a mutual inductor, a single
strip tester (SST) and a shunt resistor. The SST comprises two vertical yokes, primary
and secondary coils, and the plastic carrier. One of the mutual inductors is connected
to the primary coil in series, while the other is connected to the secondary winding in

the opposite series to compensate for air flux.

The magnetising voltage is generated by PC via Labview and DAQ card. The
voltage waveform is fed through a low-pass filter to SST via the power amplifier. The
magnetising current passing through the shunt resistor allows magnetic field H
measurement. The secondary voltage read by the DAQ card is used to calculate the

magnetic flux density B.
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Figure 7.1. The schematic diagram of the AC measurement system.

The instantaneous magnetic field strength (H) is calculated following the expression

N1VR(D)

H() = 'R

(7.33)
where N3, Vg, |, R are the turns number of the primary coil, voltage drop across the
shunt resistor, the distance between the inner edges of the yoke and the resistance of

shunt resistor, respectively.

The instantaneous magnetic flux density (B) originated from the secondary voltage

can be expressed as
_ lgp At
B(t) = Nom J, vt (7.34)

where Is, p, N2, m, V are the sample length, the density of the sample, the turns number

of the secondary coil, the mass of the sample and the inducing voltage, respectively.

The block diagram of the feedback system used for the control of flux density
waveform is presented in Fig. 7.2. At first, a reference sinusoidal waveform of flux
density B is given according to the setting, and a first magnetising waveform is applied
to SST. Then, the relative difference between reference waveform Brer and the

measured flux density waveform B is computed. If the criteria, which are generally
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0.02% error of the peak value of B and 0.02% error of the ideal form factor, are met,
the B and H waveforms will be saved and recorded to a file. Otherwise, the output
voltage waveform is continuously adapted and modified by the feedback algorithm

[34] in every subsequent iteration until it meets the criteria.

v v
Reference B Measured B |
waveform Brer waveform B |

\ A 4

Update output
Relative difference P P

A

Phase adjustment

A

Proportional
controller

Figure 7.2. Block diagram of the adaptive feedback system.

To test the effect of frequency on MBN, the magnetising frequencies 25Hz, 50Hz,
75Hz, 100Hz and 200Hz are used. During anisotropy measurements, the magnetising
frequencies 50Hz and 100Hz are applied. The voltage used in all measurements is set
to 10V. The pick-up coil output voltage is subsequently amplified with the low noise
AD797 operational amplifier and digitized by the Microscan 600 system with a

sampling frequency of 2.5MHz.
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Figure 7.3. (a) The MBN experimental set-up; (b) The schematic diagram of the

Barkhausen sensor.

7.4 Results and Discussion for the Effects of Frequency and Anisotropy on

MBN

7.4.1 The effect of frequency on MBN signal

The typical MBNms signals measured along the rolling direction of M330-35A NO
steel at different frequencies are plotted in Fig. 7.4. Since the MBN originates from
the abrupt irreversible motion of the magnetic domain walls, which is proportional to
the rate of change of magnetisation in the material, the increase in the rate of
magnetisation with the increase in excitation frequency will lead to the increase in the
peak height of MBN [35,36]. It can be observed from Fig. 7.4 (a) to (d) that the height
of the MBN profile increase with the excitation frequency. However, simultaneously,
the increase of excitation frequency will decrease penetration depth and increase the
eddy current losses. Due to the skin effect, the increasing excitation frequency
decreases the magnetised depth, resulting in a decreased number of domain walls and

pinning sites. Besides, the increase of eddy current losses will reduce the internal
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potential to drive the domain walls and further decrease the extent of displacement.
Therefore, at high frequency, the height of MBN may decrease with excitation

frequency as shown in Fig. 7.4 (e). Those factors jointly influence the level of MBN

signal.
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Figure 7.4. MBN profiles measured along RD of M330-35A NO steel under various

excitation frequencies.
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At low frequency (e.g., less than 100 Hz), the level of MBN is dominated by the
rate of change of magnetisation in the material. The height of MBN signal is
proportional to the excitation frequency. While at high frequency (e.g., higher than
100 Hz), the combined effects of skin and eddy current losses surpass the effect of the
rate of change of magnetisation. The height of MBN signal is inversely proportional
to the excitation frequency. This conclusion can be observed in Fig. 7.5. In most
studies, the excitation frequencies are less than 100 Hz, i.e., low frequency. Since the
analysis at high frequency is complicated and unnecessary, the magnetisation on MBN

at low frequency is mainly considered in this study.
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Figure 7.5. The effect of excitation frequency on MBN envelopes for M330-35A NO

steel.

It can be seen in Fig. 7.5 that the MBN profile is broadening with the increase of
excitation frequency. It mainly attributes to the eddy current losses caused by dynamic

magnetisation. Due to the energy losses, the domain walls need more intensive
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magnetic potential to overcome the pinning sites. Hence, a higher excitation frequency
would cause a higher coercive field and a wider distribution range of Barkhausen
activities in a magnetisation period (experimentally observed in [36] as well). The
hysteresis loops obtained for M330-35A NO steel at various frequencies in Fig. 7.6
can also indicate that the excitation frequency would broaden the loops leading to the

increase of coercive field.
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Figure 7.6. (a) The measured and fitted hysteresis loops for M330-35A NO steel along

the rolling direction at quasi-static frequency. (b) The measured and fitted hysteresis

loops for M330-35A NO steel along rolling direction at 50 Hz and 100 Hz.

It can also be observed from Figs. 7.4 and 7.5 that the secondary peak of MBN
envelope is increasingly obscure with the increase of excitation frequency. It has been
explained in the previous chapter that the secondary peak is originated from the
domain annihilation and rotation at a higher field. The increase of eddy current losses
leads to the decrease of internal magnetic potential. For the softer phase, the effect of
energy losses is the secondary factor at a low frequency, while for the harder phase,
the influence is comparable to the effect of magnetisation change. Therefore, the
secondary peak of MBN envelope increases slower at low frequency. Since the

prominent peak of the MBN envelope is clearer and more sensitive to characterise the
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effects of excitation frequency and material anisotropy at low frequency, the one peak
model for the softer phase is considered in this chapter only.

To model the effect of frequency on MBN, the key parameters of J-A model for
M330-35A NO steel need to be determined. The hysteresis loop for the M330-35A
NO silicon steel strip cut along the rolling direction is measured by a computer-
controlled hysteresis loop tracer at a quasi-DC field of 5mHz as shown in Fig. 7.6a.
The hybrid GA-PSO algorithm is used to fit the measured hysteresis loop without
consideration of frequency. The best fitting parameters are listed in Table 7.1. The
hysteresis loops shown in Fig. 7.6b are measured at 50 Hz and 100 Hz by controlling
the magnetic induction B as a sinusoidal waveform. They can also be fitted using the
hybrid GA-PSO algorithm using Equation (7.13). During the MBN measurements, the
excitation magnetic field is sinusoidal, so the values of magnetic field H are
independent variables, and the values of magnetic induction B are dependent variables.
Hence, the parameters of J-A model fitted at quasi-DC are substituted into Equation
(7.9) to fit the loops at different frequencies by introducing the eddy current losses.
The best frequency coefficient is determined and listed in Table 7.1.

Table 7.1. The key parameters of the J-A hysteresis model for M250-50A NO

electrical steel along the rolling direction (RD) and transverse direction (TD)

J-A parameters Values (RD) Values (TD) Sources
Saturation magnetisation, 6 1.4195%10°
M., 1.2961x10° (A/m) (A/m)
Pinning parameter, & 80.0055 (A/m) 189.6829 (A/m)  Measured
and
Domain density, a 53.3297 (A/m) 266.3804 (A/m)  identified
. . ) by hybrid
4 4
Coupling factor, a 1.3992x10 4.8642x10 GA-PSO
Reversibility parameter, ¢ 0.4223 0.6725 algorithm
Frequency coefficient, kexc 41.2491 25.4512
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Figure 7.7. The simulated MBN envelopes for M330-35A NO steel at various

frequencies.

Based on the best fitted parameters, the profiles of MBNms simulated at 25 Hz, 50
Hz, 75 Hz and 100 Hz are plotted in Fig. 7.7. It can be seen that the height of MBN
profile also increases with the excitation frequency and the width of MBN profile
broadens with the excitation frequency. It indicates that the correctness of the

mechanism and the proposed model.

7.4.2 The effect of anisotropy on MBN

The key parameters of J-A model for M330-35A NO steel along the transverse
direction are also obtained following an analogous procedure. The hysteresis loop for
the M330-35A NO steel strip cut along the transverse direction is measured at a quasi-
DC field of 5mHz as well (see Fig. 7.8a). The hybrid GA-PSO algorithm is used to

determine the parameters. The hysteresis loops of M330-35A NO steel along
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transverse direction measured at 50 Hz and 100 Hz by controlling the magnetic
induction B as sinusoidal waveform are shown in Fig. 7.8b. The parameters of J-A
model fitted at quasi-DC are employed to fit the loops further and determine the
frequency coefficient. The fitted J-A parameters and the frequency coefficient for

M330-35A NO steel along the transverse direction are listed in Table 7.1.
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Figure 7.8. (a) The measured and fitted hysteresis loops for M330-35A NO steel along
the transverse direction at quasi-static frequency comparing with the measured
hysteresis loop for M330-35A along rolling direction. (b) The measured and fitted

hysteresis loops for M330-35A NO steel along the transverse direction at 50 Hz and
100 Hz.

Comparing the hysteresis loops presented in 7.8a, it can be seen that M330-35A NO
silicon steel is magnetically anisotropic. Hence, the optimised parameters of RD are
significantly different from those of TD. It is well known that the pinning parameter k
is related to the coercive field strength Hc and the coercive field is widely used to
characterise the magnetic hardness. The pinning parameter of RD krp is much smaller
than that of TD krp. It indicates that the RD is magnetically soft, i.e., easy direction,
whereas the TD is the hard direction. Besides, according to the formula of anhysteresis
Equation (2.40), the domain density parameter a could control the smoothness of the
‘s’ shape. Therefore, the larger the value of a, the smoother the shape of hysteresis

loop is. Since the domain density parameter, a, of TD is much larger than that of RD,

211



the rate of change of magnetisation of TD should be lower than that of RD, especially
at the coercive field point. It has been known that the maximum value of Barkhausen
noise usually is proportional to the differential susceptibility of irreversible
magnetisation at the coercive field point y; . Hence, the peak value of MBN envelope

of TD should be smaller than that of RD.

The representative experimental MBN signals measured for the M330-35A NO
silicon steel in monotonically increasing angle within the range from 0° to 90° under
50 Hz sinusoidal excitation are illustrated in Fig. 7.9. These acquired bursts indicated
the effect of anisotropy on MBN. The increasing angle between measurement
direction and rolling direction results in the increase in magnetic hardness, which
decreases the Barkhausen activities generating lower MBN emissions. Moreover, it
can be seen that with the increasing angle the Barkhausen emissions gradually increase
in width of the primary MBN bursts, whereas the secondary bursts gradually vanish
in the primary. The smoothed MBNms envelopes are shown in Fig. 7.9h. These
envelopes demonstrate the progressive decreasing and broadening of the MBN bursts

as the increasing angle.

Based on the optimised parameters of J-A model for RD and TD of M330-35A NO
silicon steel, the simulated MBN envelopes in monotonically increasing angle within
the range from 0° to 90° under 50 Hz sinusoidal excitation using Equations (7.9), (7.17)
and (7.26) are plotted in Fig. 7.10. The simulated MBN envelopes are normalised by
the maximum amplitudes of the simulated MBN envelope of RD. It can be found that
the highest amplitude and the width of the simulated MBN envelopes decrease and
broaden with increasing angle, respectively. It corresponds to the observation in
experiments, which indicates that the proposed MBN model could explain the effect
of anisotropy on MBN profiles. However, it should be noted that the rate of change of
the amplitude of the simulated MBN envelope is larger than the measured. It can be

attributed to the following reasons.

212



700 T T T T T T T 700 T T T T T T

600 (a) OO

400

MBN amplitude (mV)
MBN amplitude (mV)

100 -

0 i L I I
10 -3 % 4 2 0 B 4 s B 10 10 8 -6 -4 2 0 2 4 6 H 10

Applied voltage (V) Applied voltage (V)
700 T T r T T . . 700 T T T T T T T

600 |- (d) 450 q

600

400

MBN amplitude (mV)
MBN amplitude (mV)

100

0 X X A
10 8 6 4 2 0 B 4 s s 10 -0 -8 -6 -4 -2 0 2 4 6 8 10

Applied voltage (V) Applied voltage (V)
! T i T 700 T T T T T T T T A

100 T T T

w (€) 60" ol (P 0

53
=3
S]
T
L
[
=3
S
T
L

o

>

IS}
T

400

MBN amplitude (mV)
=
S

MBN amplitude (mV)

%)

S

IS}
T

100

0 ! J
0 -8 -6 4 =2 0 2 4 6 8 10 0 0 s . " 5 (; ) 4 6 8 10
Applied voltage (V. ’ i ’ ) ool R
P! ge (V) Applied voltage (V)
700 : ; , . . . -

“ () 90 M / —

w

S

=
T
L

5

s

k=)

=)
T

MBN amplitude (mV)
=
=1

N

=3

S
T

100

0 : : : al ‘ . ‘

-0 -8 6 -4 2 . ?1 z 4 6 8 10 -0 8 6 -4 2 0 9 1 6 8 10
Applied voltage (V) Applied voltage (V)

Figure 7.9. MBN profiles measured for M330-35A NO steel in various directions.
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Figure 7.10. Simulated magnetic Barkhausen Noise signal envelopes for M330-35A

NO silicon steel sample in various directions.

According to the MBN model, the maximum amplitude of MBN envelope emerges
around the coercive field, where the differential irreversible susceptibility y;,.,. reaches
its largest value y;; . As seen in Fig. 7.6a, the hysteresis curve of the rolling direction
sample at coercive field is approximately perpendicular to the x-axis, which means the
slope of susceptibility at coercivity may approach infinity or a considerable value. The
slope of susceptibility is usually calculated by AM /AH, which can be considered as a
tangent function. When the angle decreases from n/2 to 0, the value of tangent function
sharply decreases and then smoothly. Therefore, when the simulated direction rotates
from RD to TD, the peak values of MBN envelopes experience a sharp and smooth
decrease. In comparison, the reality is that the measured direction may not that
significantly influence the Barkhause activities. The domains randomly distribute in

NO silicon steel after annealing, though there is magnetic anisotropy due to rolling.
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Hence, in any tested directions, there are considerable numbers of Barkhausen

activities.

Besides, considering the magnetic field H non-coaxial with the easy axis, to
simplify the analysis, Fig. 7.11 shows the change of domains in a crystal grain with
the increase of magnetic field H that is not coaxial with the 180° domain wall. At a
low magnetic field (Fig. 7.11a), the external field moves the domain walls leading to
the increase of the volume of the domains closest to the field at the sacrifice of the
other domains. With the increase of applied field as shown in Fig. 7.11b, the
annihilation of the 180°walls starts and the 90=domain walls rotate towards the
magnetic field direction. These result in the rapid movement of domain walls, which
causes the main Barkhausen activities. Finally, the domain closest to the field occupies
the whole grain (Fig. 7.11c). Continuing to increase the external field, when the field
energy overcomes the anisotropy energy, the moments will rotate from the original
easy axis to the new one closest to the applied field direction. The Barkhausen
emissions mainly occur in the stage shown in Fig. 7.11b, where a relatively low
external field would implement this procedure. Since the excitation field is high
enough, even its component along the easy axis would provide sufficient energy to
drive the movement and rotation of domain walls in a range of angle, like 15° and 30°.
Therefore, the measured MBN envelopes decrease with increasing angle more slowly

than the simulated ones.

Be de

(a) (b) (©) (d)

Figure 7.11. Schematic diagram of the change of domain structure during

magnetisation with a non-coaxial external magnetic field.
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function of angles under 50 Hz excitation. (b) Comparison of the MBN, in polar plot.

To quantitatively evaluate the effect of anisotropy on the MBN signal, the main

concern should be the extent to which the measured direction impact Barkhausen noise.
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The peak value of MBN envelope is used to characterise the influence. Its changing
trend is described in Equation (7.32). The practical formula could avoid the calculation
of differential susceptibility but remain the anisotropic characteristics. The predicted
angular dependent MBN peak amplitude using Equation (7.32) is plotted in Fig. 7.12a
together with the measured results and its cosine approximations. The measured and
predicted results are normalised by the maximum amplitudes of the experimental and

simulated MBN envelopes of RD, respectively.

It can be found that the dependence of the peak amplitude of the MBN signal on the
tested direction obtained from experiments corresponds with the simulated and cosine
approximated with coefficients of determination R? higher than 0.90 and 0.97,
respectively. It indicates that both the proposed MBN, model and the cosine
dependency of MBNp on angle can be applied to evaluate the effect of anisotropy of
MBN quantitatively. The simulation model could fit the measured points in angles
near RD and TD better than cosine approximated, whereas the cosine approximation
could better fit the experimental results when the angles between tested direction and
RD or TD are larger than 15°. The tested angle rotating from RD to TD results in a
decrease of 22.24% in the MBN peak value. Therefore, its influence should be
considered in precise evaluation using the MBN method, especially residual stress

evaluation, since stress could also induce magnetic anisotropy.

The comparison of MBN peak amplitude in polar coordinates is further plotted in
the polar diagram (Fig. 7.12b). It is well known that the anisotropic magnetic
behaviour is related to the magnetocrystalline anisotropy energy (MAE), which is the
intrinsic characteristic of ferromagnetic material caused by the crystal structure, stress,
grain size and shape. It reflects in the structure of texture that macroscopically
influences the anisotropy of ferromagnetic material and subsequently impacts MBN
signals [37]. Therefore, the polar plot of the MBN peak value may be used to indicate
the MAE of M330-35A NO steel. According to the MBN experimental results, the

inferred MAE distribution is depicted on the right-hand plot of Fig. 7.12b.
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Figure 7.13. MBN profiles measured for M330-35A NO steel in various directions

under excitation of 100 Hz.
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The quantitative evaluation of the effect of anisotropy on MBN emissions in M330-
35A NO steel sample under 100 Hz sinusoidal excitation is analysed through the
smoothed MBN signal envelopes shown in Fig. 7.13. It can also be seen that with the
increasing angle from RD to TD the Barkhausen envelopes of the primary MBN bursts
gradually broaden, whereas the secondary bursts gradually vanish in the primary. It is
also demonstrated the progressive decrease of the MBN peak value as the increase of
angle as shown in Fig. 7.13h. Comparing with the results of 50 Hz, both the values of

height and width of the MBN envelopes under 100 Hz excitation are larger.

90

270

O Average of measured results —— Simulated ---- Cosine approximation
Figure 7.14. Angular dependence of MBN peak amplitude under 100 Hz excitation.

Based on the optimised parameters of J-A model for RD and TD of M330-35A NO
silicon steel, the MBN peak values calculated within the range angle from 0° to 90°
under 100 Hz sinusoidal excitation using Equation (7.32) are plotted in polar Fig. 7.14
together with the measured results and its cosine approximations. All the results are

normalised by the maximum amplitudes of the corresponding MBN envelopes of RD
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under 50 Hz excitation. It is obvious that under 100 Hz excitation the MBN peak value
in each angle is larger than the corresponding value under 50 Hz excitation. In this
case, the peak values of MBN envelopes decrease by 23.87% with the increasing angle
from 0° to 90°. It indicates that the effect of anisotropy on Barkhausen emission is
more significant with the increase of excitation frequency. Both the predicted model
and cosine approximation show a good fitting to the measured results with coefficients
of determination R? higher than 0.85 and 0.96, respectively, though they are slightly
smaller than that under 50 Hz excitation. It indicates that both the proposed MBN,
model and the cosine dependency of MBN, on angle can be appropriate for evaluating

the effect of anisotropy on MBN under various excitation frequencies.

It is interesting that He et al. [38,39] experimentally found that the
thermomechanical processing steps such as hot rolling, cold rolling and annealing
would significantly influence the angular dependency of MBNms. The peak values of
MBNms of hot rolling and cold rolling showed an opposite trend with the angle
between testing and rolling directions [38]. Moreover, the MBNms amplitudes of
different final annealing temperatures presented different or even opposite
dependency on the angle between measuring and rolling directions [38,39]. Since the
final annealing temperature and annealing time of NO steel in this study are likely
different from the cases in [38,39], it is hard to compare those results. But it should be
noted that MBN signal is sensitive to stress and a number of microstructural features
such as phases, grain size, crystallographic texture, etc. During thermomechanical
processing of NO silicon steel, the stress state, microstructure and crystallographic
texture of the steel change significantly leading to substantial variations of the MBN
signal [38]. Therefore, though previous investigations [40,41] have observed that the
MBN signals for some kinds of commercial NO silicon steel were the strongest along
the rolling direction, it is important to determine the macromagnetic easy and hard

axes before using the model proposed in this study.
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7.5 Chapter summary

This chapter evaluated the effect of anisotropy induced by the microstructure in NO
electrical steel on the MBN signal. The extended MBN model based on anisotropic
hysteresis was proposed. Meanwhile, the effect of excitation frequency was introduced
into the MBN model based on dynamic hysteresis. The dependency of MBN peak
amplitude on angle between tested direction and rolling direction was deduced from
the analytical model and further simplified as a trigonometric function to evaluate the

effect of anisotropy on MBN quantitatively.

Angle and frequency experiments for magnetic hysteresis loops were conducted on
M330-35A NO electrical steel. The angular dependent parameters of the J-A model
were determined by using the hybrid GA-PSO algorithm. The analytical model
predicted the increase in amplitude and width of MBN envelope with increasing
excitation frequency based on the optimised parameters. It also calculated the peak
value decreasing and envelope broadening with the increase of the angle. Those
simulated results could agree with the measured ones, but the simulated MBN peak
value changed more sharply. The peak amplitude of the MBN envelope has
experimentally shown the cosine variation with angle corresponding with the proposed
practical trigonometric function under the excitation frequency of 50 Hz. The
proposed trigonometric function and the cosine approximation of MBN peak value
could evaluate the anisotropy of NO silicon steel since their coefficients of
determination R? were both higher than 0.9. The tested direction rotating from RD to
TD would decrease 22.24% in the MBN peak value. When the excitation frequency
was 100 Hz, the proposed practical model and the cosine approximation could agree
with the measured results as well. But the peak values of MBN envelopes decreased

by 23.87% with the increasing angle from 0° to 90°.

It proved that the MBN technique was capable of evaluating the anisotropy of NO

electrical steel. Besides, to achieve the evaluation of material and mechanical
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properties using the MBN technique with high accuracy, the effect of microstructure-

induced anisotropy on the MBN should be considered in the calibration process of

MBN measurement. Moreover, MBN is sensitive to stress anisotropy, but the

discrimination of different kinds of anisotropy remains to be studied further.
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Chapter 8

Evaluation of Carbon Content in Steel using Magnetic Techniques

Barkhausen jumps are usually acquired by a Magnetic Barkhausen Noise (MBN) sensor
with the sensing element of a pick-up coil. The resonant frequency characteristics of
the pick-up coil may significantly influence the MBN profile. To improve the
performance of MBN sensor, the pick-up coil is optimised using analytical models of
inductance and parasitic capacitance for the hexagonal winding coaxial coil.
Furthermore, the coil is manufactured according to the optimised size. Its inductance,
capacitance and resonant frequency are found to be close to the designed. A
multifunctional measurement system using the optimised coil is employed to measure
both magnetic hysteresis loops and MBN signals. The peak-to-peak value of MBN
envelope, coercive field and remanence of hysteresis loop are used to characterise

carbon content in various steels.
8.1 Introduction

In this chapter, the effect of microstructure in carbon steel on magnetic NDE methods
is further investigated. In turn, the correlations could be used to evaluate the
microstructure of steel. The most common phases or constituents in commercial carbon
steel are ferrite, pearlite and cementite. The volumes of these phases are determined by
the carbon content. Ferrite is iron containing an extremely minimal amount of carbon.
The amount of carbon dissolved in ferrite practically is zero at room temperature, and
the solubility increases to only a maximum of 0.02% at 723°C [1]. At room temperature

ferrite shows high ductility and low mechanical strength and also low magnetic

226



hardness in terms of coercive field [2]. In contrast, cementite also known as iron carbide,
which is formed by the combination of iron and carbon containing 6.67% carbon [1],
shows high mechanical and magnetic hardness and is much more brittle [2]. In carbon
steel, which generally contains less than 2% carbon in weight, the mixture of ferrite and
cementite turns to a lamellar (thin plate like layers) microstructure referred to as pearlite
[1]. The relative volume fraction of the ferrite, pearlite and cementite phases gives rise
to the final mechanical and magnetic properties of the steel. Thus, the knowledge of the

amount of carbon content in steel is crucial.

As described in previous chapters, magnetic Barkhausen noise (MBN) method was
sensitive to the microstructure of ferromagnetic material. Thus, the metallographic
phase of steel related to carbon content would influence the Barkhausen emission, and
inversely, MBN could be used to evaluate the amount of carbon in steel. However, since
various MBN sensors were used to assess the carbon contents in steel, the comparison
of results reported by different investigators appeared to conflict with each other. For
example, Batista et al. [2] inserted the tested steels inside an electromagnet for MBN
measurements and found the existence of two peaks of MBN profile. One of the peak
amplitudes decreased with increasing amount of carbon from 0 wt% to 1.5 wt%, while
the other one increased. But Samimi et al. [3] used a flux-controlled MBN system and
located the MBN sensor on top of the surface of tested steels. They experimentally
observed just one peak of MBN envelope in half excitation cycle, and the peak
amplitude increased with the increase in the amount of carbon, but it abruptly dropped
when the carbon content excessed 0.65 wt%. Either one peak or two peaks of MBN
envelope for carbon steel evaluation were found by other investigators [4]-[6], but the

height of peaks was not correlated with the carbon content in steel.

Besides, MBN signal is the voltage pulses induced in the pick-up coil by the change
of discrete micromagnetic flux caused by the irreversible movement of magnetic

domain walls during the cyclic magnetisation process. The applications and signal
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processing of MBN signals were paid more attention by researchers, while the
improvement of MBN system performance, especially the optimisation of a pick-up
sensor was insufficiently considered. Besides, it has been observed that the MBN signal
strongly depended on the measurement parameters such as maximum magnetic field
strength [7-9], magnetising frequency [7-9], and the resonant frequency of pick-up coil
[9,10], which widely varied from one MBN system to another. It resulted in an
inconsistent correlation between microstructural variations and MBN signals in
different investigations. As one of the main elements of the MBN measurement, the
pick-up coil could strongly impact the MBN profile. Cap&Séanchez et al. [10] and
Moorthy et al. [8,9] experimentally investigated the influence of the pick-up coils’ turns
and constructive characteristics of MBN sensors. They could control the frequency
response behaviour, sensitivity, and signal-to-noise ratio (SNR). Therefore, it is
considerable to optimise the MBN pick-up coil for the assessment of the relative

amount and contributions of the carbon in steels.

In the previous chapter, it has been experimentally seen that increasing excitation
frequency would increase the MBN signal level but would also decrease the range of
magnetisation. This led to the reduction in the ability to magnetise harder phases in
material and the weakening interaction of magnetic domain walls within harder
metallurgical phases such as pearlite and carbides [8] so that the harder phases might
not be activated and detected in the MBN bursts. Besides, the measured results showed
that the MBN signal level turned round to decrease when the excitation frequency
continued to increase higher than 100 Hz. Moorthy [8] pointed that a higher MBN level
did not always mean maximum MBN profile since the applied magnetic field and the
tangential magnetic field might not achieve their maximum value. Therefore, Moorthy
[8] and Batista et al. [2] preferred to magnetise the sample at low frequencies such as
0.2 Hz, 0.8 Hz [8], 0.1 Hz and 0.5 Hz [2]. Hence, the low excitation frequency (typically
<2 Hz) is beneficial to perform the advantage of the optimised pick-up coil and enrich

the information in the Barkhausen emission.
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The hysteresis loop is another widely used magnetic technique for the microstructure
characterisation of ferromagnetic materials [2,3,11,12]. Hysteresis measurements could
provide reproducible and reliable results. But it is only appropriate for the samples with
a special shape like cylinder that could be wound coils to measure the magnetic
induction [2]. There are various magnetic properties that can be extracted from the
hysteresis loop, like the coercive field, remanence, and differential permeability.
Samimi et al. [3] Jiles et al. [11], and Thompson et al. [12] found that the coercive field
of the hysteresis loop increased linearly with the increasing carbon content in steel.
Therefore, the parameters of the hysteresis loop may have the potential to evaluate the

carbon content quantitatively.

This chapter is organized as follows. In Section 8.2, the formulas for the accurate
evaluation of the total inductance and parasitic capacitance are introduced. The
equivalent circuit of the pick-up coil and optimisation method are discussed. The
measurement system, tested samples and experiments are introduced in Section 8.3. In
Section 8.4, the experimental results, the advantages and disadvantages of different
magnetic NDE techniques for evaluating the carbon content in steel are proposed.

Finally, the summary of this chapter is given in Section 8.5.
8.1 The optimisation of MBN pick-up coil

MBN pick-up coil, generally composed of a solenoid coil with a ferromagnetic core,
is usually made of enamelled wire, which introduces inductance (L), parasitic
capacitance (C) and resistance (R) to the measurement system. These parasitic elements
will determine the resonant frequency, sensitivity, and signal-to-noise ratio (SNR) of
MBN sensor. There are various models to simulate the aforementioned elements. The
Rosa-Nagaoka method [13-15] was the early attempt to solve the inductance of the
solenoid. Maxwell pioneered to compute self- and mutual-inductance using the
summation method [16]. With the increase of computer performance, the filamentary

method was widely used in inductance calculation for various inductors [17-20]. The
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method is used for the optimisation of coil inductance by considering a ferromagnetic

core inside in this study.
8.1.1 Inductance model

The diagram of a rectangular cross-section coil with length I, the inner diameter D;
and the outer diameter Do is shown in Fig. 8.1 with half of the coil depicted due to
symmetry. This inductor is formed by a discrete wire array of Nt turns per layer and N
number of layers. In Fig. 8.1, the deep orange outline and orange filled circles are
enamelled coating and copper centre, respectively. It shows the widely used and
relatively reasonable distribution of wires, i.e., the hexagonally winding. To evaluate
the inductance accurately, the formulas are given as a function of Nt, N, &1, &, and do.
& is the gap between turns to avoid twisting and overtighten the turns, while & is the
offset between layers caused by decentration and the gap between turns. &r is always
positive, which means distance added to the width of coil. While ¢&_ can be positive to
shorten the height of coil and negative to add the height of coil. It can be seen from the

figure that the width w and the height h of the hexagonal winding are
w = Nrdo + (Np — 1) 7 (8.1)

and

h=TR -, - DG 52)

Maxwell [16] gave an expression for the mutual inductance of hypothetical
filaments, which had finite length but zero cross-sectional area and were spaced at the
Geometric Mean Distance (GMD), in complete elliptic integrals. It was further
improved by [14,18-20]:

Ntot Ntot Ntot Ntot

=3 M=y Y /(n+r,.)2+sgj[<1—%2f)zr(k”)—ls(k”)] (8.3)

i=1 j=1,j#i i=1 j=1,j#i

where Lt was the relative magnetic permeability of the core. If it was air core, |t = |b,
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Niot = Nr X Ny, (8.4)

n=2r o ion@ig) (=123..N) (85
sij =+ (zi — z)? (8.6)
jdo + ( — 1)ér ieven

Zj :{ (zj_zl)do‘l'(i_Z)ET i odd (1_1’2’ 3’ SRR} NT) (87)

The elliptic integral modulus € was given by

— TiTj
€ij = 2,’ (r+r)2+sf; (8.8)

F and E were complete elliptical integrals of first and second kinds, respectively.
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Figure 8.1. Schematic diagram of half cross-section of coil (I — length of the coil, Do

—outer diameter of the coil, Di— inner diameter of the coil, do— diameter of the wire,

&r — gap between turns in horizon and & — offset between layers in vertical).

The self-inductance could be calculated by either placing two notional filaments
parallelly at an axial separation of rw, which was the radius of a wire, or placing one
filament inside the other centrically at zero axial distance. The parallel filament pair
was more realistic, but the difference was slight when r > r,,. In the case of parallel

filament pair, s = 0, ri = ri, rj=ri-rw, and the self-inductance was given by
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tot 2
Lo =t ) (21— 1) [(1 - %) Fk;) — E(ko] (8.9)
i=1

And the total inductance of a coaxial coil was obtained by the superposition of Ls and
M contributions as

L=L,+M (8.10)

8.1.2 Capacitance model

Many attempts have been made to model the parasitic capacitance induced by
electromagnetic interaction of adjacent turns [20-25]. These studies reported more and
more accurate results concerning practical constitute of stay capacitance, such as turn-
to-turn [22], interlayer [23,24], winding types and fringing effect of peripheral wire
[20,24,25].

N
=
L] L] L] L] L] L] DO

Figure 8.2. Schematic diagram of the hexagonal winding coil (blue pair line represents

the turn-to-turn capacitance, magenta pair line represents the layer-to-layer capacitance,
purple pair line represents the outer-layer capacitance and green pair line represents the

turn-to-core capacitance).

The self-capacitance of the widely used and reasonable hexagonally winding is
analysed in this chapter. The total value of the self-capacitance in multi-layer coaxial
coils with ferromagnetic core includes the following four parts: the turn-to-turn
capacitances between adjacent coil pair in the same layer (Cy), the layer-to-layer
capacitances induced by adjacent coil pair in different layers (Ci), the outer-layer

capacitances between the adjacent coils in the outer layers (Co) and the turn-to-core
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capacitances between the innermost coil and the ferromagnetic core (Ci) as shown in
Fig. 8.2. The analytical solution for the self-capacitance of coil with an improved model

for the hexagonal winding case is described as follows.

Fig. 8.2 shows the arrangement of turns in the hexagonal winding coil. There are two
kinds of winding, i.e., standard and flyback windings. Their basic analysis cells are the
same as shown in Figs. 8.3 and 8.4. In this study, the more common standard winding
is adopted. In the four components of self-capacitance, the turn-to-turn capacitance Cx
and layer-to-layer capacitance Cy are dominant due to their large quantities. Assuming
that a conductor surface carries an equal potential and the propagation of electric field
always travels along the shortest path, for the path along an angle 9 as shown in Fig.
8.3a, the electric field passes through the insulation coating of a turn, the air gap
between two adjacent turns and the insulation coating of the other turn successively.
On this path, these three insulation elements compose three series-connected
capacitance, which are two capacitances induced by the insulation layer dCi and
capacitance caused by the air gap dCq. These series-connected components constitute

the infinitesimal turn-to-turn capacitance dCy, as shown in Fig. 8.3b.

(b)

Figure 8.3. Model of turn-to-turn capacitance for the hexagonal winding coil.

The inner surface and the external surface of coating form a dielectric capacitance.
The elementary capacitance related to the cylindrical coating shell dC; is given by

[20,21,22,25]
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le de/2 T &l
dc; = £T£0d9f dzf ——df (do>d))  (8.11)

0

where & is the vacuum permittivity, e is the relative permittivity of the insulation
coating, do is the diameter of the wire, dc is the copper core of the wire, and I; is the

length of a turn, but it is usually simplified as mean length Iy = (Di+D,)/2.

AN

Sm/6 4~ n/2} ,9/ 5 /6

(@) (b)

Figure 8.4. Schematic diagram of (a) outer layer and (b) turn-to-core capacitances for

the hexagonal winding coil.
The assumed air gap length lg as a function of @ is given by
lg =do(1—cos 0) +¢r (8.12)

Similarly, the elementary capacitance induced by the air gap dCq per unit angle can

be calculated by

_ godoledd godol dO
97 2l;  2(do(1—cos 6) +&r)

(8.13)

For dense winding coil, the gap between turns &t is zero, while for sparse coil the effect
of &r should be taken into account. The capacitance analysis in this chapter focuses on

the dense winding coil, and hence the air gap induced capacitance can be simplified as

gl dl
dC: ot

9 2(1—cosh) (.19
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The series combination of three elementary capacitances can be given by

C.. = ac;dC, goledo
tt — -
dCi + 2dGg 2 (1 + lln% — coS 9) (8.15)
T c

The angle 6 is limited in a range from -6/x to 6/x since the electric field out of this range
will follow the layer-to-layer path. Besides, Fig. 8.2 shows that the electric field
between the adjacent turns in different layers would go through a similar path to turn-
to-turn. The same expressions will be obtained through rotating the coordinates.
Therefore, the turn-to-turn capacitance Cy is equal to the layer-to-layer capacitance Cy.

Vi

&ol¢

6

Coe =Cy = j do (8.16)

—% 2 (1 + glln% — CoS 0)
T c

Following an analogous argument, the outer-layer capacitance Co shown in Fig.8.4a

can be expressed as

T

C ji
Ol=
% 2(1+

&ol¢

1_dg do (8.17)
—lnd— — cos 9)
T C

And the turn-to-core capacitance Ci shown in Fig.8.4b is given by

. = ji 2&0l; 40 (6.18)
tc — .
% 1+ lln do _ sin 0
&  d

c

Supposing that an electric potential (U) is applied on two terminals of the winding,

the potential of the kth turn is given by
du, = &&= Uy 5 3 N (8.19)
N N
The potential between two adjacent turns can be calculated by

AU;j = (j —i)dU ,iadjoinsjand j > i (8.20)

And the electrical energy stored between the turns are
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According to the conservation of total energy, the energy calculated by total stray
capacitance should equal the summation energy computed by four capacitance
components (i.e., C¢, Ci, Col, and Cy). Therefore, the total stray capacitance of the

hexagonal winding coil is given by

2N;-1
Cs = N2 (Ny — 1)N, Gy + (N, — D)Cyy + (N, + Ny — 2)Cyy
tot —
N, (8.22)
+ N = DN, = Do + ) G
=

8.1.3 Optimisation of MBN pick-up coil

It is known that the MBN profile strongly depends on the resonant frequency
characteristics of the pickup coil. Vashista et al. [9] found that a larger number of turns
of pick-up coil would result in better sensitivity and response in the lower frequency
range. Cap&Sanchez et al. [10] experimentally observed that MBN signals reached
their maximum value of power spectrum at the corresponding resonant frequencies. As
a result, the coil resonant frequency decreased, but the resonant peak amplitude
increased as the number of turns increased. Therefore, measurement of magnetic
Barkhausen signal using optimised coil could be the basis for studying microstructure

in ferromagnetic material like metallographic phases in steel.

R L
1 =YY N

Figure 8.5. Equivalent circuit of pick-up coil.

The equivalent electric circuit of a pick-up coil is presented in Fig. 8.5. Its resonant

frequency can be given by [26]
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fo= o= J1- (%) (8.23)

where the resistance R is given by
4p
R=—5N{D;+ (N, = DV3r, - (N, - D&} (829)
c

where p is the resistivity of the wire.

To obtain an intensive output signal and good signal-to-noise ratio (SNR), the outer
diameter of coil D, and length of coil | is recommended to be about four times the
ferromagnetic core and 0.7~0.9 of the length of the core, respectively [27]. Additionally,
the analogous measurement system described in [2] is employed in this study for
activating the domain activities in both soft and hard phases of carbon steel. The lengths
and diameters of all tested samples are the same and determined as 50 mm and 8 mm,
respectively. Moorthy [8] found that it was important to use an MBN sensor with a
good response in a low frequency range of less than 10 kHz to detect MBN signals from
the deep subsurface effectively. Under these limited conditions, three Standard Wire
Gauge (SWG) grades 25, 29 and 35 wires with 0.48 mm, 0.33 mm and 0.200 mm
diameters of copper cores respectively are used to optimise the pick-up coil size. The

sizes of these kinds of wires are listed in Table 8.1.

Since the MBN measurement system used in [2], where the pick-up is wound on the
tested cylindrical samples, is employed in this study, the pick-up coil is a ferromagnetic
core sensor. The relative permeability for carbon steel is set as 100, and the relative
permittivity of the coil coating for polyurethane is set as 4.2. The sizes of different wires
listed in Table 8.1 are substituted into the equations mentioned above to simulate the

resonant frequencies of pick-up coils.

Table 8.1. The sizes of wires for pick-up coil optimisation

Grade Wire diameter (mm) Diameter of copper core (mm)
SWG-35 0.2134 0.2000
SWG-29 0.3450 0.3300
SWG-25 0.5080 0.4800
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Figure 8.6. The simulated relation between sizes of coils and their resonant frequencies.

(2) SWG-35 wire, (b) SWG-29 wire and (c) SWG-25 wire.
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Fig. 8.6 shows the relation between the sizes of coils made by different grades of
wires and their resonant frequencies. Due to the small diameter of SWG-35 wire, it
requires large amounts of turns to meet the limited conditions of coil sizes. The resonant
frequencies of all defined size coils made by SWG-35 wire are much lower than 10 kHz
as presented in Fig. 8.6a. This may lead to the loss of key information near 10 kHz. For
SWG-25 wire, the reverse applies. As it does not need abundant turns to wind the coil
in defined sizes, the resonant frequencies of the coils made by SWG-25 wires are much
higher than 10 kHz as illustrated in Fig. 8.6 (c). These coils that either has much higher
resonant frequencies or lower frequencies than the demand cannot meet the design

requirements.

If the wire diameter is an intermediate value of SWG 25 and 35, such as SGW-29, it
is possible to optimise a qualified MBN pick-up coil. Fig. 8.6b shows the simulation
resonant frequencies of SGW-29 made coils with ferromagnetic core. A few coils may
be suggested that are in compliance with the design requirements. They are marked as
red crosses in Fig. 8.6b. Finally, the optimised sizes of the pick-up coil are determined
as 8 mm in inner diameter, 32 mm in outer diameter, and 35.2 mm in length,

respectively, for saving turns, weight and closing to the required resonant frequency.
8.2 MBN and Hysteresis Loop Experiments on Carbon Steels

8.2.1 Magnetic Barkhausen noise experiments

There are various samples examined in this study, including a high purity iron (iron
content > 99.99%) and different kinds of carbon steels containing carbon from 0.085%
to 0.81% in weight as listed in Table 8.2. These samples are machined into cylindrical
shapes with the same diameter and length of 8 mm and 50 mm, respectively. Then, they
are annealed at 400<C for two hours to relieve the residual stress. Since all these
commercial steels were as-received materials and annealed under the same condition,

their grain sizes are assumed to be similar in this research.
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It has been reported that the shape of the MBN profile strongly depends on maximum
magnetic field strength and excitation frequency [8,9]. They synergistically affect the
amplitude of MBN and the activities of domains in hard phases of carbon steel.
Therefore, it is important that the magnetic excitation unit can provide an adequately
strong magnetic field with sufficiently low frequency. The laboratory C-core with
tapered poles electromagnet can generate an intense magnetic field with low frequency
as shown in Fig.8.7. The electromagnet can excite tens of kA/m strength magnitude
with water cooling. It can work on quasi-static frequency by being fed in correlative
current from a computer-controlled bipolar power supply. The tapered poles can be

driven by an adjustable lever to match the length of sample.

Table 8.2. Carbon and sulphur analysis results

Samples Carbon [%)] Sulphur [%]
Pure Iron <0.001 <0.001
230M07 0.085 0.330
1015 0.190 0.041
080M40 0.460 0.011
1045 0.480 0.008
1055 0.600 0.030
1075 0.810 0.006

In MBN measurements, the shaped carbon steel samples are inserted into the
optimised pick-up coil. The samples and pick-up coil are placed between tapered poles
of the electromagnet and clamped by twirling the adjustable lever. A sinusoidal voltage
waveform of 0.5Hz generated by the computer is amplified by the bipolar power supply
(manufactured by Kepco). The feeding current from the bipolar power supply into the
electromagnet generates the corresponding magnetic field. The pick-up coil can detect
the MBN emissions generated in the magnetised material. The detected signals are
filtered by a bandpass filter in the range from 1 kHz to 20 kHz. A National Instruments

manufactured data acquisition (DAQ) card USB-6366 is used to measure MBN signals
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with a sampling rate of 1 MS/s. The dedicated software is developed for exciting

magnetic field and processing the MBN signals.

Bipolar power<—|Computer|<—| DAQ |<—| Filters |<— H, Band

supply MBN signals

MBN
pick-up
coil

Hall

Tapered pole

Electromagnet

Figure 8.7. Schematic diagram of C-core electromagnet for hysteresis loop and MBN

measurements.

The MBN measurement results of pure iron, 1015, 080M40, 1055, and 1075 are used
to investigate the effect of carbon level in steel on the root mean square (RMS) of MBN.
In addition, the 230MO07 and 1045 samples are employed to verify the inverse

application of the correlation.

8.2.2 Magnetic hysteresis loop experiments

The experimental set-up used for magnetic hysteresis loop measurements is similar
to that for MBN measurements as shown in Fig. 8.7. During the hysteresis loop
measurements, the carbon steel samples are magnetised by the electromagnet driven by
quasi-DC (5 mHz) current that is generated by the computer and subsequently amplified
by the Kepco amplifier. The strength of applied magnetic field H is measured at the
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surface of the sample by a transverse Lakeshore Hall probe connecting to a gaussmeter
that communicates with the computer via GPIB link. Simultaneously the values of
magnetic flux density B are acquired by GPIB linked Lakeshore fluxmeter integrating
the voltage of pick-up coil wound around the sample. The measurement procedure is

similar to the related description in Chapter 5.

Following an analogous procedure, samples 230MO07 and 1045 are used to verify the
dependency of the parameters of hysteresis loop on carbon content in pure iron, 1015,

080M40, 1055 and 1075.

8.3 Results and Discussion for the MBN and Hysteresis Loop

Measurements

The optimised MBN pick-up coil is tailored by Anstee Coil Technology Ltd using
self-bonding enamelled copper wire SWG-29. The comparison between the designed
and manufactured coils is listed in Table 8.3. Agilent 4294A precision impedance
analyser with the 16089B Kelvin clip attachment is used to measure the tailored coil.
The value of induction calculated by the introduced model for air core coil is close to
the manufactured. The relative error of the induction for the designed coil to the
manufactured is estimated as 9.81%. Besides, the capacitances and the resonant
frequency of designed and tailored coils are also compared. Their relative errors are
2.04% and 6.40%. In addition, the electrical parameters of the manufactured coil are
simulated using the induction and capacitance models. The results are also listed in
Table 8.3. It can be found that the relative errors of the simulated coil using the
geometric parameters of the real coil are smaller than that of the designed one. The
comparison results indicate that the induction and capacitance models for hexagonal
winding can predict the induction and capacitance of circular-section multi-layer coils
with high precision. Hence, the analytical model can be an effective tool to design or

optimise the desired pick-up coils.
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Table 8.3. Comparison of the designed coil with the manufactured coil.

Parameters Designed coil ~ Manufactured coil ~ Simulated coil
Turns 4080 4225 4223

Length (mm) 35.2000 35.5000 35.5000

Inner diameter (mm) 8.0000 8.1000 8.1000
Outer diameter (mm) 32.0000 33.8000 32.7000
Induction (mH) 98.2138 108.8930 107.9141
Capacitance (pF) 66.6091 67.9956 66.9512

Resonant frequency(kHz) 6.2225 5.8490 5.9211

8.3.1 Magnetic Barkhausen noise measurements

The cylindrical samples are magnetised along their axial direction by a sinusoidal
magnetic field maximum strength of 11,000 A/m at excitation frequencies of 0.5 Hz.
Fig. 8.8 shows the MBN signal envelopes for pure iron, 1015, 080M40, 1055 and 1075
grades steels. To evaluate the performance of the optimised pick-up coil, the short-time
Fourier transform (STFT) spectrum of the MBN signal for pure iron as an example is
also plotted in Fig. 8.8f. It can be found that the energy mainly distributes in the time
range from 0.4 s to 0.7 s corresponding to the raw signal in Fig. 8.8a, and in the
frequency range from 0 kHz to 9 kHz consist with the designed frequency range (< 10
kHz). It indicates that the optimised pick-up coil for low frequency MBN signal can

acquire the main energy of Barkhausen emissions originating from carbon steels.

The MBN envelopes in Figs. 8.8a ~ 8.8e are smoothed by the moving average
method to highlight data variations within half cycle of the excitation field. It can be
seen that the peak heights of MBN envelopes increase with carbon content increasing.
The amplitudes of background noise increase as well with the increase in carbon level.
Therefore, in order to reduce the influence of background noise, the peak-to-peak
values of MBN envelopes (MBNgp) are used for the evaluation of the dependency of

MBN signals on carbon contents in steel.
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Figure 8.8. Barkhausen voltage bursts acquired for (a) pure iron, (b) 1015, (c) 080M40,
(d) 1055, (e) 1075 and (f) the STFT spectrum for MBN signal of pure iron.

Fig. 8.9 plots the peak-to-peak value of MBN envelope as a function of carbon
content. The peak-to-peak value presents a clear increasing trend. Therefore, the larger
Barkhausen jumps in higher carbon content steel are believed to be associated with the

increase of pearlite volume fraction relative to ferrite [28].
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Figure 8.9. The peak-to-peak value of MBN envelope as a function of carbon content.

To quantitatively evaluate the correlation between MBNp, and carbon content in
steels, linear and parabolic functions are used to fit the measured results as shown in
Fig. 8.9. It can be found that the parabolic function could better approximate the
experimental results with fitting goodness R? higher than 0.94. The 230MO07 and 1045
carbon steel samples are used to verify the parabolic approximation. Their peak-to-peak
values after averaging are plotted as crosses in Fig. 8.9. It can be seen that the measured
result of 230M07 sample is closer to linear correlation with a relative error of 2.97%
than parabolic with a relative error of 7.81%. While the result of 1045 shows the
parabolic correlation (relative error 5.51%) is more appropriate to characterise the
carbon content using MBN technique than linear function (relative error 22.66%). But
it should be pointed out that the measured values of low carbon steel may deviate from
the parabolic prediction. Hence, the parabolic dependency of MBNpp on carbon content

could be concluded in steels containing carbon higher than 0.3% in weight. The
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parabolic function may also be an appropriate parameter for the evaluation of carbon
amount in steels containing carbon higher than 0.3% in weight.

It should be noted that the carbon steels investigated in this study contain carbon
mostly less than 0.8%, where the ferrite is not fully altered to pearlite, i.e.,
hypoeutectoid steel (see Fig. 3.32). When the carbon content in steel is higher than
0.8% in weight, the main phases of steel are pearlite and hypereutectoid cementite
(FesCr). Samimi et al. [3] and Koo et al. [29] experimentally observed that the peak
height of MBN envelope increased with the increasing carbon content in hypoeutectoid
steel while decreased in hypereutectoid steel. The maximum MBN amplitude is
believed to be obtained in a steel closest to the eutectoid composition (0.8 wt% C),
where the volume fraction of pearlite is largest. Therefore, the peak value of the MBN
signal measured on 1075 steel sample should be approaching to the maximum
Barkhausen jumps among various steels, and the parabolic approximation
aforementioned is only appropriate for evaluate the carbon content in hypoeutectoid

steels.

8.3.2 Magnetic hysteresis loop measurements

The hysteresis loop measurements are performed inside the electromagnet driven by
quasi-DC current (5 mHz) supplied from computer and subsequently amplified by the
bipolar power amplifier. The magnetic tangential field strength H is measured by the
transverse Lakeshore Hall probe. The value of magnetic flux density B is measured by
the pick-up coil. The magnetic hysteresis loops of pure iron, 1015, 080M40, 1055 and
1075 grades of steel are plotted in Fig. 8.10. It is clearly shown that the hysteresis loop
is broadening with the increasing carbon content of steel. With the increasing amount
of carbon in the form of pearlite and cementite precipitates in the ferrite matrix, the
obstruction of domain wall motion is enhanced due to interaction with different phases
and the influence of interstitial carbon atoms. Besides, the pearlite and cementite phases

contribute to the increase of the magnetic hardness of the steel. Therefore, the hysteresis
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loop is observed to widen with the increase of magnetically hard phases caused by

increasing

carbon content.
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Figure 8.10. DC hysteresis loops obtained for (a) Pure iron, and carbon steels (b) 1015,

(c) 080M40, (d) 1055 and (e) 1075

The dependency of the coercive fields of hysteresis loop Hc on carbon content in

steels is shown in Fig. 8.11. It can be seen that the coercive field increases as a linear

247



function of carbon content with a coefficient of determination higher than 0.97. The
coercive fields of 230M07 and 1045 grades of steel are used to verify the linear
approximation marked as crosses in Fig.8.10. The relative error between measured
results and predicted results for 230M07 and 1045 samples are 30.06% and 6.32%,
respectively. It indicates that the coercive field could be a potential parameter to

evaluate the carbon content in steels, but it may present a relatively large error in a few

cases.
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Figure 8.11. The coercivity Hc of carbon steel as a function of carbon content.

Besides, the parameter remanence By is plotted against the carbon content in Fig.
8.12. The remanence By also presents a linear correlation with carbon content. But it is
not suitable to predict carbon level in medium carbon steels since the measured results
of medium carbon steels 080M40 and 1045 deviate from the linear fitting function.
Eliminating the outlier value of 080M40 steel, the linear correlation between remanence

Br and carbon content could fit the measured results well with a coefficient of
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determination R? higher than 0.98. The remanence of 230MO07 is marked as crosses in
Fig.8.12. The relative error between the measured result and the fitting line is 18.03%
which is much lower than that of coercive field. It also can be found in Fig. 8.12 that
the relative error between experimental results and linear approximation for higher
carbon steels like 080M55 and 1075 is much lower than that of MBNpp and coercivity.
It indicates that the remanence By could be a potential parameter to evaluate the carbon

content in mild and higher carbon steels.
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Figure 8.12. The remanence B, of carbon steel as a function of carbon content.

A single parameter may not be appropriate to evaluate the amount of carbon in steels
since the parameters of peak-to-peak value of MBN envelope (MBNpp), coercive field
(Hc) and remanence (Br) of hysteresis loop have their advantages and disadvantages in
carbon content evaluation. To quantitatively estimate the amount of carbon in steel, the
multi-parameter should be comprehensively considered. In this study, the carbon levels
in hypoeutectoid and eutectoid steels are exclusively evaluated since the MBNp, may

no longer be a monotonic function of carbon content if hypereutectoid steels are
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included. The hypoeutectoid and eutectoid steels can be divided into three kinds: low
carbon steel (0~0.3 wt% C), medium carbon steel (0.3~0.6 wt% C) and high carbon
steel (0.6~0.8 wt% C). If the measured values of MBNpp, coercive field and remanence
for carbon steel are all lower or at least two of them are lower than the corresponding
values of the 0.3 wt% carbon content on the fitting curves, this steel can be determined
as low carbon steel. Its carbon content can be further estimated using coercive field and
remanence linear functions. Following an analogous method, it can also determine
medium and high carbon steels. However, to further evaluate the carbon level in
medium carbon steel, MBNpp and coercive field H are the preferable parameters since

the remanence Br measured in medium carbon steel may vary from the predicted value.

8.4 Chapter summary

This chapter discussed the optimisation steps for the MBN pick-up coil based on the
inductance and stray capacitance models. The comparison of the designed coil and the
manufactured coil according to optimised size verified the feasibility of the
optimisation method. Furthermore, the power spectral density of the MBN signal
measured by the optimised pick-up coil concentrating in the design frequency range

proved the reliability of the designed coil.

The MBN and hysteresis loop experiments were conducted to analyse the
dependency of these magnetic signals on the amount of carbon in steel. For the MBN
measurements, the frequency and strength of the applied field were crucial in the
detection of the hard phases. The maximum amplitude of 11 kA/m sinusoidal magnetic
field at 0.5 Hz was chosen to measure Barkhausen jumps using the multifunctional
measurement system. The peak-to-peak value of MBN envelope was experimentally
observed as a parabolic function of carbon content. The multifunctional measurement
system was also used to obtained magnetic hysteresis loops of various steels. Both the

coercive field and remanence presented linear dependence on the amount of carbon in
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steel. Therefore, these parameters of MBN and hysteresis loop could be inversely used

for the evaluation of carbon content in steels.

However, the MBNpp, might no longer increase as a function of carbon content if the
carbon content in steel was higher than 0.8 wt%. Hence, in this study, the carbon level
in hypoeutectoid and eutectoid steels were exclusively evaluated. Besides, it was
experimentally observed that the parameters of MBNjyp, coercive field and remanence
might be inappropriate to evaluate the amount of carbon in steels alone due to their

disadvantages. Therefore, the multi-parameter was comprehensively considered.
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Chapter 9

Conclusions and Future work

This chapter concludes the findings and contributions of the investigation regarding the
effect of stress, temperature and microstructure on magnetic NDE methods. Also, the
possible future directions for this work are presented with respect to the multiphysics
simulation and deep learning in magnetic flux leakage and Barkhausen noise

techniques.
9.1 Conclusions

The major contribution of this thesis was the development of magnetic NDE
techniques for the accurate evaluation of mechanical properties and monitoring the
health status of ferromagnetic materials by considering the effects of stress, temperature
and microstructure. In this research, the mainly concerned magnetic NDE techniques

were magnetic flux leakage (MFL) and magnetic Barkhausen Noise (MBN).

9.1.1 Evaluation of the effect of stress on MFL

To evaluate the effect of stress on MFL signal, a universal FEM method, which could
deal with magnetomechanical problems, was proposed for overcoming the geometric
limitation of the analytical model. The FEM model predicted a linear relationship
between the peak-to-peak value of MFL signal and stress for the circumferential square-

notch defect on a dog-bone shaped steel rod.

The anticipated linear behaviour of peak-to-peak amplitude of MFL signal with stress
based on the model was validated by experimental results obtained for 1045 steel. The
measurements showed that the peak-to-peak value of MFL signal decreased linearly
with the increase of external stress, which fitted the simulation results well with a

coefficient of determination higher than 0.99.
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An increase in tensile stress of 100 MPa caused a decrease of 11.76% in the peak-to-
peak amplitude of MFL signal. Therefore, to size the defect accurately, the effect of
stress on the MFL signal should be incorporated in the calibration process. The
proposed multiphysics FEM model provides a valuable tool to evaluate the contribution
of stress to the induced MFL signal and may be used to solve the inverse problem for

sizing defects with a complicated stress distribution.

9.1.2 Evaluation of the effect of temperature on MFL

Since temperature might induce thermal stress inside tested specimens, new
analytical dipole models for predicting both the direct effect of temperature and
combined effects of temperature and thermal stress on MFL were proposed. The
temperature-dependent magnetic dipole model exclusively considering the direct effect
predicted the linear dependency of the amplitude of the MFL signal on the temperature
for the cylindrical through-hole defect in a ferromagnetic sheet. Besides, the magnetic
dipole model considering the combined effects of temperature and thermal stress
anticipated the parabolic relation between the peak-to-peak value of MFL signal and

temperature.

The model for evaluating the direct effect of temperature was verified by
measurement results for the M250-50A non-oriented (NO) grain silicon steel specimen
with a cylindrical through-hole defect. Besides, the model for the combined effects was
experimentally validated on an adhesive structure of the defective NO steel and ceramic

glass.

When the direct effect of temperature itself was involved, the temperature heating
100 °C from -40 °C resulted in a decrease of 6.10% in the peak-to-peak amplitude of
the MFL signal, which agreed with the simulated well with a goodness of fit higher
than 0.9. Under the combined actions of temperature and thermal stress, the temperature
cooling 30°C from room temperature (20 °C) to -10 °C caused an increase of 6.87% in
the amplitude of the MFL signal, which was much larger than that in the exclusive

temperature condition (2.04%).

The temperature cooling down from 60 °C to -40 °C altered the amplitude of the
MFL signal by 35.99%, which could significantly influence the results of defect
dimension estimation by using the inverse MFL method. To size the defect accurately,
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the effect of temperature on the MFL signal should also be considered. The improved
magnetic dipole models could pave paths to understand and evaluate the contribution

of temperature and thermal stress on the induced MFL signals.

9.1.3 Evaluation of the effect of temperature on MBN

Analogous to temperature-dependent MFL models, new models describing the
dependence of magnetic Barkhausen noise peak amplitude on temperature have been
developed. The extended MBN model based on temperature-dependent hysteresis was
proposed to predict the direct effect of temperature itself on MBN signal. The
exponential relationship between the reciprocal MBN peak amplitude and temperature,
which has been further simplified as the linear function to evaluate the dependence of
MBN peak amplitude on temperature quantitatively, was deduced from the

temperature-dependent MBN model.

Considering the combined effects of temperature and thermal stress, a multiphysics
MBN model was presented, and based on this model, the parabolic dependence of the
reciprocal MBN peak value on temperature was given. Practical piecewise linear
functions were then presented to approximate the dependence according to the finding

that the magnetostriction coefficients under compression and tension are different.

The verification experiments for those models were conducted on M250-50A NO
silicon steel and the adhesive structure of the NO steel and ceramic glass, respectively.
When the direct effect of temperature itself was exclusively involved, the measured
peak value of MBN signals could agree with simulated MBN envelops, and the
reciprocal of the peak amplitude of the MBN signal has been experimentally shown the
linear variation with temperature corresponding with the predicted results. In this case,
temperature heating from -40<C to 40 <C results in an increase of 4.49% in the reciprocal
of MBN peak value.

In addition to the direct effect, the indirect effect of thermal stress was involved. The
measured reciprocal of the peak amplitude of Barkhausen emission has presented
parabolic dependency on temperature, which was consistent with the predicted
tendency. The parabolic relation was further simplified by piecewise linear functions at
temperatures higher and lower than the reference temperature. It has been proven to be

feasible to evaluate the combined effect quantitatively. The environmental temperature
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cooling from the reference temperature 20 <C to -40 <C led to a decrease of 10.54% in
1/MBN,. Whereas the temperature heating from 20 <C to 40 <C caused a sharper
increase of 14.13% in 1/MBN,. To achieve the evaluation of material and mechanical
properties using the MBN method with high accuracy, the effect of temperature on the

MBN signal should be considered in the calibration process of MBN measurement.

9.1.4 Evaluation of the effect of microstructure-induced anisotropy in non-oriented

silicon steel on MBN

An extended MBN model for evaluation of the anisotropy induced by microstructure
in NO silicon steel was developed. Besides, the effect of excitation frequency was
introduced into the MBN model. The analytical model predicted the increase in
amplitude and width of MBN envelope with increasing excitation frequency. It also
calculated the MBN peak value decreasing and envelope broadening with the increase
of the angle. The relationship between the MBN peak amplitude and angle between the
tested direction and rolling direction of NO silicon steel was deduced from the
analytical model and further simplified as a trigonometric function to evaluate the

dependence of MBN peak amplitude on angle quantitatively.

The model has been verified by experimental results for M330-35A NO silicon steel.
The measured results for different frequencies could agree with the simulated ones, but
the simulated MBN peak value changed more sharply than the measured. The peak
amplitude of the MBN envelope has experimentally shown the cosine variation with
angle corresponding with the proposed practical trigonometric function at the excitation
frequency of 50 Hz. The proposed trigonometric function and the cosine approximation
of MBN peak value could evaluate the anisotropy of NO silicon steel since their
coefficients of determination R? were both higher than 0.9. The tested direction rotating
from RD to TD would decrease 22.24% in the MBN peak value.

When the excitation frequency increased to 100 Hz, both coefficients of
determination of the proposed practical model and the cosine approximation decreased,
but they were still higher than 0.85. It proved that the MBN technique was capable of
evaluating the anisotropy of NO electrical steel in low excitation frequency. Besides,
the peak values of MBN envelopes decreased by 23.87% with the increasing angle from
0° to 90°. To achieve the evaluation of material and mechanical properties using the

MBN technique with high accuracy, the effect of microstructure-induced anisotropy on
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the MBN should be considered in the calibration process of MBN measurement.
Moreover, MBN is sensitive to stress anisotropy, but the discrimination of different

kinds of anisotropy remains an important research issue to be studied further.

9.1.5 Evaluation of carbon content in steel using magnetic techniques

The optimisation steps for MBN pick-up coil based on the inductance and stray
capacitance models have been discussed, and the effect of carbon content in steel on

hysteresis loop and MBN signals has been experimentally investigated.

The comparison of the designed coil and the manufactured coil according to
optimised size verified the feasible optimisation method. The power spectral density of
the Barkhausen signal measured by the optimised pick-up coil concentrated in the

design frequency range, proofing the reliability of the designed coil.

For the MBN measurements, the peak-to-peak value of MBN envelope was
experimentally observed as a parabolic function of carbon content. For the magnetic
hysteresis loops measurements, both the coercive field and remanence presented linear
dependence on the amount of carbon in steels. Therefore, these parameters of MBN and
hysteresis loop were the potential methods to estimate the carbon level in steels. In this
study, the carbon levels in hypoeutectoid steels were mainly evaluated. Besides, it was
experimentally observed that the parameters of MBNpp, coercive field and remanence
might be inappropriate to evaluate the amount of carbon in steels alone due to their
disadvantages. Therefore, the multi-parameter should be comprehensively considered.

9.2 Future Work

Though the combined effect of temperature and thermal stress has been investigated
in this thesis, the practical application, where the environmental temperature changes
and the external stress is applied, has not been considered yet. For example, the
seamless track for the high-speed train is usually suffering from the ambient
temperature and the pressure from the wheels of train. Besides, in practical inspection,
another important factor that cannot be ignored is the velocity effect. Taking the high-
speed railway for instance, the practical inspection speed using MFL sensor is much
faster than the experimental in this thesis. Therefore, to obtain the defect dimension

accurately using the inverse MFL method, the multiple effects including stress,
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temperature and inspection speed on the MFL signal should be considered in the
calibration process. As a continuation of this research, the difficulties are the
development of multiphysics MFL model and implementation of the verified

experiments.

It is well known that MBN is sensitive to stress. Hence, it is widely used to evaluate
the residual stress in ferromagnetic material. However, the temperature may also induce
thermal stress as discussed in this thesis. The identification of thermal stress and
external stress would be a difficulty in future research. Besides, stress will result in
anisotropy in the magnetic properties of a material in addition to the microstructure
induced anisotropy investigated in this thesis. For example, MBN is used to assess the
residual stress in an anisotropic ferromagnetic material. In this case, the distinction
between stress-induced anisotropy and microstructure-induced anisotropy will be an
important problem to be solved. Besides, MBN is a potential method in structural health
monitoring. However, the temperature compensation for the monitoring data under
various temperatures is a subject remaining to be researched, and the proposed practical

method in this thesis might be possible to solve this problem.

In this thesis, the amount of carbon in steel has been evaluated by various MBN and
hysteresis loop parameters. It is possible to classify a tested sample as a carbon steel
grade by using the fitting functions. But it is far from evaluation of the exact amount of
carbon. Besides, the samples were tested in their as-received state. The steel used in
engineering structures is usually produced by thermal treatment, which will alter the
microstructure of material, leading to the change of magnetic properties. Therefore, it
needs a large number of experiments on various grades of steel and different thermal
treatments. To determine the grade of steel also requires establishing a database and
using deep learning to build the connection between magnetic signal and carbon content

in steel.
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Appendix

The hybrid GA-PSO algorithm code

clc;
clear;
close all;

global Bmeas Hmeas Para range

BH=xlsread('D:\research documents\2021.03\50 RD 1.6T.xlsx");
Bmeasraw=BH (1:50:end, 2) ;
Hmeasraw=BH(1:50:end, 1) ;

[

% $%%%%%%%%% intensify local grids i1if needed$%%%%%%

Hmeas=Hmeasraw; % use interpolating methods if needed
Bmeas=Bmeasraw;

figure (1)

plot (Hmeas,Bmeas, '-0")

%% JA parameters definition
Para range.a=[3.5 35];

Para range.k=[1.4 35];

Para range.c=[0.001 0.999];
Para range.Ms=[1.2e6 2e6];
Para range.alpha=[le-8 le-4];

%% Problem Definiton

problem.CostFunction = @(x) JAcostFun(x); % Cost Function
problem.nVar = 5; % Number of Unknown (Decision) Variables
problem.VarMin = 0; % Lower Bound of Decision Variables 0

problem.VarMax 10; % Upper Bound of Decision Variables 10

%% Parameters of PSO

params.MaxIt = 100; % Maximum Number of Iterations 100
params.nPop = 50; % Population Size (Swarm Size) 50
params.w = 1; Intertia Coefficient

o° oo

params.wdamp = 0.99; Damping Ratio of Inertia Coefficient
params.cl = 2; % Personal Acceleration Coefficient
params.c2 = 2; % Social Acceleration Coefficient
params.ShowIterInfo = true; % Flag for Showing Iteration Informatin

params.px=0.8;
params.pm=0.05;
params.GGAP=0.95;

The probability of Crossover
The probability of Mutation
The generation gap

o° oo

o

%% JA parameters range
aMin=Para range.a(1l);
aMax=Para_range.a(2);
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kMin=Para range.k(1l);
kMax=Para range.k(2);

cMin=Para_ range.c(1l);
cMax=Para_range.c(2);

MsMin=Para range.Ms (1)
MsMax=Para range.Ms(2);

alphaMin=Para_ range.alpha(1l);
alphaMax=Para range.alpha(2);

%% Calling Hybird GA-PSO
[out, particle]= GAPSO JA (problem, params);

BestSol = out.BestSol;
BestCosts = out.BestCosts;

figure (2)

semilogy (BestCosts, 'LinewWidth', 2);
xlabel ('Iteration');

ylabel ('Best Cost');

grid on;
%% Read the best result

SolverType=4;
x=out.BestSol.Position;

1) /10* (aMax—-aMin) +aMin;
2)/10* (kMax-kMin) +kMin;
3)
(

a=x(
k=x (
c=x (

/10* (cMax-cMin) +cMin;

Ms=x(4) /10* (MsMax—-MsMin) +MsMin;

alpha=x(5)/10* (alphaMax-alphaMin)+alphaMin;

BsimT = JAn loops(a, k,c,Ms,alpha,Hmeas, SolverType) ;

figure (3)
plot (Hmeas, Bmeas, '-k',Hmeas, BsimT,'-r')

$%%%%%%%%%%% GAPSO JA function$%%%%%%%%%
function [out, particle] = GAPSO JA (problem,params)

global Bmeas Hmeas Para range

%% Problem Definiton

)

CostFunction = problem.CostFunction; % Cost Function

nVar = problem.nVar; Number of Unknown (Decision) Variables
VarSize = [1 nVar]; Matrix Size of Decision Variables
VarMin = problem.VarMin; Lower Bound of Decision Variables
VarMax = problem.VarMax; Upper Bound of Decision Variables

oe

o° oo

o

%% Parameters of PSO
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o

Maximum Number of Iterations
Population Size (Swarm Size)

MaxIt = params.MaxIt;
nPop = params.nPop;

o

W = params.w; % Intertia Coefficient

wdamp = params.wdamp; % Damping Ratio of Inertia Coefficient
cl = params.cl; % Personal Acceleration Coefficient

c2 = params.c2; % Social Acceleration Coefficient

o

PX= params.px; The probability of Crossover
pm= params.pm; The probability of Mutation
FieldD=[VarMin*ones (1, nVar) ;VarMax*ones (1,nVar)];

o

Q

% The Flag for Showing Iteration Information
ShowIterInfo = params.ShowIterInfo;
MaxVelocity = 0.2* (VarMax-VarMin) ;
MinVelocity = -MaxVelocity;

%% Initialization

%% The Particle Template

empty particle.Position = [];
empty particle.Velocity = [];
empty particle.Cost = [];

empty particle.Best.Position = [];
empty particle.Best.Cost = [];

% Create Population Array
particle = repmat (empty particle, nPop, 1);

% Initialize Global Best
GlobalBest.Cost = inf;

[

% Initialize Population Members
for i=1:nPop

% Generate Random Solution

particle (i) .Position = unifrnd(VarMin, VarMax, VarSize);

o)

% Initialize Velocity
particle (i) .Velocity = zeros(VarSize);
% Evaluation
particle (i) .Cost=CostFunction (particle (i) .Position);
% Update the Personal Best
particle (i) .Best.Position = particle (i) .Position;
particle (i) .Best.Cost = particle (i) .Cost;
% Update Global Best
if particle (i) .Best.Cost < GlobalBest.Cost
GlobalBest = particle (i) .Best;
end

end

o)

% Array to Hold Best Cost Value on Each Iteration
BestCosts = zeros (MaxIt, 1);

%% Main Loop of PSO
for it=1:MaxIt
for i=1:nPop

Q

% Update Velocity
particle (i) .Velocity = w*particle (i) .Velocity
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+ cl*rand(VarSize) .* (particle (i) .Best.Position -

particle (i) .Position)

+ c2*rand(VarSize) .* (GlobalBest.Position -
particle (i) .Position);
% Apply Velocity Limits
particle (i) .Velocity = max(particle (i) .Velocity, MinVelocity);
particle (i) .Velocity = min(particle (i) .Velocity, MaxVelocity);

o)

% Update Position

particle (i) .Position = particle(i).Position + particle (i) .Velocity;

% Apply Lower and Upper Bound Limits
particle (i) .Position = max(particle (i) .Position, VarMin);
particle (i) .Position = min(particle (i) .Position, VarMax) ;
Chrom (i, :)=particle (i) .Position ;

% Evaluation

particle (i) .Cost=CostFunction (particle (i) .Position);
ObjV(i)=particle (i) .Cost;

% Update Personal Best
if particle (i) .Cost < particle(i) .Best.Cost

particle (i) .Best.Position = particle (i) .Position;
particle (i) .Best.Cost = particle (i) .Cost;
% Update Global Best
if particle (i) .Best.Cost < GlobalBest.Cost
GlobalBest = particle (i) .Best;
end

end
end
%% GA optimiser %%

[m,n]=size (ObjV) ;

if n~=1
ObjV=0bjV';
else
ObjV=0bjV;
end
FitnV=ranking (ObjV) ; %Fitness
SelCh=select('sus',Chrom,FitnV,1); $Select parant
SelCh=recombin ('xovsp',SelCh, px); $Crossover
SelCh=mutbga (SelCh,FieldD) ; Smutation
for Chx=1l:size (SelCh,1)
ObjVSel (Chx)=CostFunction (SelCh (Chx, :)); %evaluation
offspring
end
[ml,nl]=size (ObjVsel);
if nl~=1
ObjVvSel=0bjVSel';
else
ObjVSel=0bjVsel;
end

[Chrom,ObjV]=reins (Chrom, SelCh,1,[1 0.5],0bjV,0bjVvsSel) ;
for Chxi=l:size (Chrom,1)
ObjVCh (Chxi)=CostFunction (Chrom (Chxi, :)); $evaluation
population
end
[Y,I]=min (ObjVCh) ;

new
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if Y>GlobalBest.Cost

BestCosts (it)=GlobalBest.Cost;
else

BestCosts (it)=Y;

for i=1:nPop
particle (i) .Position=Chrom (i, :);
particle (i) .Position = max(particle (i) .Position, VarMin);
particle (i) .Position = min(particle (i) .Position, VarMax);
particle (i) .Cost=CostFunction (particle (i) .Position);
if particle (i) .Cost < particle(i) .Best.Cost
particle (i) .Best.Position = particle (i) .Position;
particle (i) .Best.Cost = particle (i) .Cost;
if particle (i) .Best.Cost < GlobalBest.Cost
GlobalBest = particle (i) .Best;
end
end

end
end

% Display Iteration Information

if ShowIterInfo

disp(['Iteration ' num2str(it) ': Best Cost = '

num2str (BestCosts (it))]);

end

% Damping Inertia Coefficient
w = w * wdamp;

$%%%%%%% this is the accuracy I add
if BestCosts (it)<le-4
break
end

end
out.pop = particle;

out.BestSol = GlobalBest;
out.BestCosts = BestCosts;

%$%%%%% Due to the limitation of coverage, the function of JAn loops

and its related functions are not attached.
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