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Abstract
A portable Magnetic Barkhausen noise (MBN) testing system was used to perform MBN

measurements and hysteresis plots on three steel samples; 300M, AISI 4340 and HY80. The

primary material for this research was 300M, which is used for CF-188 aircraft landing gear

components, with the goal of developing a Non-Destructive Evaluation (NDE) method for

evaluating residual stresses. Three experiments were conducted; hysteresis plots analyzed

with the Włodarski Model, MBN response to elastic bending and MBN response to plastic

bending. Results showed that the Włodarski Model could accurately approximate minor

hysteresis loops for 300M. The second experiment showed a near linear relationship for

MBN energy response to elastic tension in the samples, with the strongest correlation for

300M. The third experiment proposed a calibration method of using MBN energy response

to elastic bending to estimate residual stress. The average final residual stress, for three

300M samples, estimated by this method was 550 �70 MPa. This was the lowest out of

four residual stress estimation methods used, with the ANSYS model giving an average

of 580 MPa and the strain calculations and profile measurement methods showing close

agreement with 660 �50 MPa and 650 �30 MPa, respectively. These results indicate that

the plastic deformation is suppressing MBN response, which should be further investigated

for this calibration method. This research demonstrates potential of this MBN system to be

used for NDE of residual stress in aircraft landing gear component material.
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Résumé
Un système portable de mesure du bruit magnétique de Barkhausen (BMB) a été utilisé pour

effectuer des mesures de BMB et pour tracer les cycles d’hystérésis sur trois échantillons

d’acier; le 300M, l’AISI 4340 et le HY80. Le matériau principal de cette étude était le

300M, utilisé pour les composants du train d’atterrissage des avions CF-188. L’objectif de

ce projet était de développer une méthode d’évaluation non destructive (END) magnétique

permettant l’évaluation des contraintes internes résiduelles. Trois expériences ont été menées;

des graphiques de cycles d’hystérésis analysés à l’aide du modèle de Włodarski, l’observation

du BMB pour les échantillons sous contrainte mécanique de flexion élastique et sous con-

trainte de flexion plastique. Les résultats ont montré que le modèle de Włodarski permettait

d’approximer avec précision les cycles mineurs d’hystérésis pour le 300M. La deuxième

expérience a montré une relation quasi-linéaire des mesures de l’énergie du BMB et de

la contrainte élastique appliquée aux échantillons. La troisième expérience a proposé une

méthode d’étalonnage utilisant les variations de l’énergie du BMB à une flexion élastique

pour estimer les contraintes internes résiduelles. Cette méthode a estimé la contrainte

résiduelle finale moyenne pour trois échantillons de 300M de 550 �70 MPa. C’était la

plus basse parmi les quatre méthodes d’estimation utiliser; le modèle ANSYS a donné

une moyenne de 580 MPa, et les méthodes de calcul de la déformation et de mesure du

profil ont montré une concordance proche de 660 �50 MPa et 650 �30 MPa, respective-

ment. Ces résultats ont indiqué que la déformation plastique supprime les signaux du BMB.

Cette recherche a démontré le potentiel de ce système de mesure du BMB pour être utiliser

pour l’END des contraintes internes résiduelles dans les matériaux des composants de train

d’atterrissage d’avion.
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1 Introduction

Aircraft landing gear are typically made of high strength steel that can accumulate residual

stress due to repetitive loading from regular use and occasional hard landings. This resid-

ual stress may not result in visually apparent plastic deformation, and therefore, could be

missed during inspections and affect the serviceability of the component. Residual stress

compounds with applied loads, which increases the risk of failure. A Non-Destructive Test-

ing (NDT) method that could assess the stress state of aircraft landing gear could be used

to determine component serviceability and potentially reduce costs by reducing the number

of unnecessary component replacements.

Current NDT methods for detecting residual stress in metals are limited to X-ray and

neutron diffraction [1]. X-ray requires surface preparation, such as nital etching, which re-

moves approximately 0.2 mm of surface material, and the method has limited penetration

depth, approximately 0.15 mm in steel [2]. Both methods are expensive and neutron diffrac-

tion is not portable [3]. For these reasons, neutron and X-ray diffraction techniques have

limited applications in aviation, and are reserved more for the detection of water ingress,

cracks and corrosion [4], rather than for detecting stress.

This thesis explores the Magnetic Barkhausen noise (MBN) response to stress in 300M

steel samples, which is the material used for Canadian Fighter (CF)-188 aircraft landing

gear components. There is a correlation between mechanical stress and magnetic response

in ferromagnetic materials, which gives this approach the potential to be used for NDT.

MBN is approved as a technique for the detection of grinding burns, by the Society of

Automotive Engineers (SAE) Standard ARP4462 [5], and the United States Navy has a

procedure for using it to detect residual stress in their F-18 aircraft landing gear [6]. Despite
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1.1. Thesis scope

this, it is not an approved technique for aircraft inspection in the Royal Canadian Air Force

(RCAF).

1.1 Thesis scope

The work is broken into three experiments; the �rst one measures the magnetic hystere-

sis plots and conducts analysis by the W�odarski Model [7][8], and second one explores

the MBN response to elastic bending. The third experiment extends the MBN bending

response into the plastic regime and measures the hysteresis plots before and after plastic

deformation. The objective of this thesis work is to explore an MBN calibration method for

detecting and estimating residual stress in 300M steel samples, with the goal of developing

an NDE application for aircraft landing gear.

Novelty of this thesis work lies in the experimental equipment used and the method of

analysis. MBN evaluation of 300M samples is conducted with a unique four-point bending

apparatus and a custom built portable MBN system [9][10]. This research differs, in that

the MBN responses of 300M samples are compared with that of AISI 4340 and HY80 steel,

along with their hysteresis curves. The W�odarski model has not previously been used to

approximate the hysteresis curves of martensitic steels such as 300M. The stress of the bent

samples have been compared to strain gauge measurements, bent pro�le calculations and

Finite Element Method (FEM) model simulations.

1.1.1 Organization of this thesis

The organization of this thesis begins with the background theory relevant to MBN measure-

ments and magnetic hysteresis, then the experimental instruments, equipment and samples

are introduced, followed by the results of three experiments, and discussions. The Sections

of this thesis are as follows:

2. Background

• Covers an introduction to electro-magnetics, magnetic hysteresis, and domain

theory, as it applies to MBN detection systems and ferromagnetic materials.
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3. Experimental equipment and materials

• Discusses the equipment; the MBN system, the bending apparatus and the hys-

teresis measurement set up, and the sample materials; 300M, AISI 4340 and

HY80 steel.

4. Experiment 1: Hysteresis plot experiment

• Investigates the applicability of the W�odarski model [8][7] to approximate ex-

perimentally measured hysteresis plots of 300M, AISI 4340 and HY80 steel

samples.

5. Experiment 2: Elastic bending experiment

• Explores the relationship of MBN energy response to elastic bending stress.

6. Experiment 3: Plastic bending experiment

• Investigates an MBN calibration method for estimating residual stress of plasti-

cally bent samples, which is compared to an ANSYS FEM model, strain gauge

measurements and bent pro�le measurements. Hysteresis plots are measured

before and after bending, and compared with MBN results.

7. Discussion

• Presents discussions on the results from Sections 4, 5 and 6.

8. Conclusions

• Presents a summary of the �ndings and provides suggestions for future research

and next steps for the development of an MBN technique for detection of resid-

ual stress in aircraft landing gear.
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2 Background

2.1 Electro-magnetics

Magnetic �elds are produced by the movement of electric charge, either from an electrical

current or the property of orbital motion and electron spin within the atom, as is the case

with a permanent magnet [11]. The relationship between the electric �eld,~E , and magnetic

�eld, or magnetic �ux density,~B , is given by Maxwell's equations [12]:

Gauss's law:

r � ~E =
1
� 0

� (2.1.1)

Faraday's law:

r � ~E = �
@~B
@t

(2.1.2)

Gauss's law for no magnetic monopoles:

r � ~B = 0 (2.1.3)

Amp�ere's law with Maxwell's correction:

r � ~B = � 0 ~J + � 0� 0
@~E
@t

(2.1.4)

where� 0 = 8 :85 � 10� 12 C2/Nm2 is permittivity of free space,� 0 = 4 � � 10� 7 N/A2

is permeability of free space,� is the density of electrical charge,~J is the volume current

density vector, andt is time.

Of the four equations, Faraday's law, Equation 2.1.2, no magnetic monopoles, Equation

2.1.3, and Amṕere's law, Equation 2.1.4, are the most relevant to this research, as they

relate to the induction of a magnetic �eld, closed magnetic lines of �ux and the affect of a

magnetic �eld through mediums, respectively.
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2.1. Electro-magnetics

2.1.1 Faraday's Law

Faraday's law, also called Faraday's law of induction, describes how an electric �eld in-

duces a time-dependent magnetic �eld and vise versa. This law considers the voltage drop,

or electromotive force (emf), around a loop of wire causing or inducing a change in the

magnetic �eld enclosed by the loop. The integral form of Equation 2.1.2 is:

Vemf =
I

~E � d~l = �
d
dt

Z
~B � d ~A ; (2.1.5)

whered~l is an elemental segment of wire loop andd ~A is the elemental area enclosed, which

can be replaced byN number of turns to represent a coil around that areaA;

V = � NA
dB
dt

= � N
d�
dt

; (2.1.6)

where� is the magnetic �ux and this equation shows how changing �ux is related to the

changing �ux densityB through the enclosed areaA. This form of the equation, also known

as the �ux rule [12], is useful for measuring the magnetic �eld through a sample, by way of

an encircling coil wrapped around a metal core, as shown in Figure 2.1, or inducing a �eld

in a U-core magnet.

Figure 2.1: Flux through a sample and a U-core as measured by an encircle coil.

In order to make the assumption of average �ux densityB through the cross-sectional

area of a metal as shown in Equation 2.1.6, skin depth effects must be considered. Skin

depth, � s, is de�ned as the distance it takes for an electromagnetic wave travelling into

a medium to decrease in amplitude by a factor of 1/e (approximately a third) [10]. This
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example with a tangential magnetic �eld travelling into an in�nite planar sample can be

expressed for frequencies,f (Hz), below the microwave range (f < 108 Hz) [13] as;

� s =

r
2

!� c� 0� r
=

1
p

�f � c� 0� r
; (2.1.7)

where! = 2 �f is the angular frequency (rads/s),� c is the conductivity (S=m) of the ma-

terial, and� r is the relative permeability. This equation is often used for a �nite sample,

as is the case for this research, but it should be noted that geometry will modify the elec-

tromagnetic wave interactions. Through modelling, S. White [10] found that the skin depth

at which MBN signals can be picked up, which has frequencies between 3-300 kHz, is of

approximately 2/3rd that given by the Equation 2.1.7 for a �nite sample. This demonstrates

that Equation 2.1.7 provides an approximation for the best case skin depth calculation.

The conductivity of a material,� c can be measured by the electric potential or voltage

drop between two points;a andbdue to an~E �eld through it, according to Ohm's law and

Kirchoff's voltage law [14];

� c =
lI

(Va � Vb)A
(2.1.8)

wherel is the distance between pointsa andb, A is the cross-sectional area andVa � Vb = V

is the measured potential.

2.1.2 Amp�ere's law

Amp�ere's equation with Maxwell's correction can be simpli�ed for frequencies below the

microwave range (f < 108 Hz) [13] because~J � � 0
@~E
@t. this allows the second term in

Equation 2.1.4 to be neglected:

r � ~B = � 0 ~J ; (2.1.9)

where the current density~J can be considered as the sum of bound current,~Jb within the

material and free current~Jf ;

~J = ~Jb + ~Jf : (2.1.10)

Bound currents are attributed to the magnetization �eld,~M , within the material and free

currents are attributed to the applied or auxiliary �eld,~H , produced by a current through a
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coil. They are expressed as:

r � ~M = ~Jb ; (2.1.11)

and

r � ~H = ~Jf : (2.1.12)

Combining Amp�ere's law with Equations 2.1.10, 2.1.11 and 2.1.12 gives an expression for

the magnetic �ux density through a magnetized material:

~B = � 0( ~M + ~H ) ; (2.1.13)

where ~B is in units of Tesla, ~M and ~H are in units of A/m. This equation shows the

relationship between the three �elds for a material being magnetized.

2.1.3 Magnetic Circuits

Magnetic �eld behaviour in physically connected elements can be considered as magnetic

circuits, analogous to electric circuits, with the caveat that magnetic �eld lines can leak out

of the circuit [14]. In this analogy, shown in Table 2.1, the driving �eld is the applied~H

�eld, the magnetic �ux, � acts as a current, and the~B �eld can be considered as a current

density.

Table 2.1: Comparison of electric and magnetic circuit equivalences (adapted from [14]).

Electric Magnetic
Electric Field~E Auxiliary Field ~H

CurrentI =
R ~J � d ~A Magnetic �ux � =

R ~B � d ~A
Current Density~Jf = � cE Flux Density~B = � =A

Conductivity� c Permeability� = � 0� r

electromotive force (emf)Vemf magnetomotive force (mmf)F
ResistanceR = l=� cA = V=I ReluctanceR = l=�A = F =�

Ohm's lawV = IR = El Ohm's lawF = Hl = R� = NI

Coils or solenoids are used to measure time varying~B �elds using Faraday's law of

induction Equation 2.1.5. They are similar to conductors when a magnetic equivalent to a

current (~H �eld) is applied to them, or to inductors when the circuit induces a current in
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2.2. Magnetic Hysteresis

them, as is the case with a pick-up coil. In magnetic circuit theory, magnetomotive force

(mmf), F , is analogous to the voltage emf so that Equation 2.1.5 through a conductive

material has the magnetic circuit equivalent [14]:

F = NI =
I

~H � d~l =
Z

~Jf � d ~A ; (2.1.14)

where currentI is related to the free current densityJf , which comes from the applied~H

�eld as shown with Equation 2.1.12, and mmf is in units of ampere-turns. The source of

this force is usually a coil carrying a current, which produces a magnetic �ux,� , which

�ows through the circuit. Flux is related toF by the reluctanceR through the material, in

the same way that voltage is described by Ohm's law:

F = R� : (2.1.15)

2.2 Magnetic Hysteresis

Magnetic hysteresis describes the behaviour of a material subjected to an~H �eld, repre-

sented by an~H versus~B �eld plot, or an ~H versus ~M �eld plot. Hysteresis means to lag

behind due to energy losses in the system, which prevents the material from immediately

reaching saturation when exposed to an applied �eld. Sources of loss are due to impuri-

ties or defects in the material, magnetic anisotropy and coercivity [15], and the energy is

dissipated in the form of heat due to eddy current [16].

This energy loss prevents smooth magnetization, at the macroscopic scale, and is in-

dicative of an irreversible magnetization process, which produces Barkhausen noise [17].

Figure 2.2 shows a typical hysteresis loop zooming in to show the steps or jumps of the

magnetization process, which produce MBN signals.

Key characteristics of hysteresis plots are; the x-axis intersection, which indicates the

material's coercivity,Hc, and the y-axis intersection, which is the material's remanence,

B r , as indicated in Figure 2.3. The rate of magnetization due to an applied �eld is dictated

by the material's permeability,� . Coercivity is a characteristic of how magnetically hard

a material is and determines the width of the hysteresis loop. For example, ferrites are
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2.2. Magnetic Hysteresis

Figure 2.2: Magnetic hysteresis loop of a ferromagnetic material showing the irreversible changes
associated with Barkhausen noise (adapted from [18]).

magnetically soft and magnetize easily with low coercivity, whereas permanent magnets

are very magnetically hard [19]. Remanence is the level of magnetization that would be left

in the material if the applied �eld was removed, which is high for permanent magnets and

an important characteristic for magnetic recording applications [15].

Figure 2.3: Depiction of plot hysteresis characteristics and different forms of permeability repre-
sented on a hysteresis plot of 300M steel.

Relative permeability,� r is the ratio of the material's permeability and that of free
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space, resulting in a dimensionless ratio:

� r =
1
� 0

�
B
H

�
=

1
� 0

�
1
H

� 0(H + M )
�

= 1 +
M
H

= 1 + � : (2.2.1)

where� is susceptibility, which is the ratio ofM andH , � = M=H .

Figure 2.3 shows different forms of permeability, with the maximum relative permeabil-

ity as the red slope to the knee of the curve. This is the form of� r explored in this research,

but it is also useful to be aware of the other types of permeability. Initial permeability,� i ,

is the slope of a minor hysteresis loop or the beginning of the initial magnetization curve,

used to characterize the behaviour in the Rayleigh region [17]. Differential permeability,

� 0 = 1
� 0

@B
@H, is often used to describe the steepest tangent slope of the curve around the

coercivity intercept. Incremental permeability,� � = � B
� H , is used to describe the slope of a

minor hysteresis loop.

Relative permeability is one of the indicators of magnetic classi�cation for diamagnetic,

paramagnetic and ferromagnetic or ferrimagnetic materials. A diamagnetic material has low

susceptibility, and low permeability, and a perfect diamagnet is a superconductor. Paramag-

netic material has higher susceptibility and permeability and ferromagnetic or ferrimagnetic

materials have very high susceptibility and permeability. This research considers the mag-

netic behaviour of ferromagnetic samples, named after its iron content and strong magnetic

response.

2.2.1 Models of magnetic hysteresis

Several models have been developed for representing the hysteric behaviour of ferromag-

netic materials, including, but not limited to:

• The Rayleigh relation, 1887 [20], which uses a quadratic function to describe hys-

teresis loops at low H �elds.

• The Preisach model, 1935 [21], which approximates hysteresis by summing a series

of elementary rectangular loops.
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2.2. Magnetic Hysteresis

• The Jiles-Atherton model (J-A) model, 1983 [22], which numerically solves a differ-

ential magnetization equation to describe domain wall motion subjected to pinning

and effective H �eld strength.

• The Stoner-Wohlfarth model, 1991 [23], which is based on magnetization by domain

rotation and is applicable to the anisotropy of magnetic powder [11].

• The First-Order Reversal Curve (FORC) method, 1999 [24], which computes multi-

ple reversal paths to plot hysteresis.

• The W�odarski Model, 2007 [7], which constructs symmetric branches of hysteresis

loops through superposition of reversible and irreversible magnetization terms.

This research explores the applicability of the W�odarski Model [7] for modelling the

hysteresis behaviour of high strength steel samples. A brief description and literature review

on the other models can be referenced in Appendix A.

The W�odarski Model is an empirical model governed by an S-shaped odd function

and �ve model parameters that can be derived directly from the initial magnetization curve

[7],[8]. It is similar to the J-A model [22], in that the theory is based on reversible and irre-

versible magnetization components that superimpose to create the BH curve of a hysteresis

loop. The model differs by its governing equations that are not differential and can incorpo-

rate reversal points like the FORC [24] method. Despite its relative simplicity and proposed

versatility, this model has not found many applications. Outside of W�odarski's own papers,

[7], [8], it appears in one publication for modelling a transformer core's hysteresis by deep

neural network computations [25].

The governing equation for magnetization as a function of the appliedH �eld, is a

loop speci�ed by the reversal pointH r , the maximum �eld strengthHm , and the coercivity

parameter, c. For a symmetric hysteresis loop, which is the most common application, the

reversal point is the same as the �eld maximum, (H r = Hm ). This main equation has the

form;

M (H; H r ; Hm ; c) = M 12(Hm ; H r ; c) � A
�
F

�
H + c

b

�
� F

�
H r + c

b

��

�
�
F

�
H � c

b

�
� F

�
H r � c

b

��
;

(2.2.2)
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2.3. Domain theory

whereM 12(Hm ; H r ; c) is the magnetization constant for the given reversal point and loop

tip, A is a scaling and shaping factor for the rest of the equation,b andc are two of the

model parameters andF is the odd function chosen to best �t the material's behaviour. For

most ferromagnetic material, the Langevin function [26], is selected. This model is further

described in Section 4, where it is used to model hysteresis loops for 300M, AISI 4340 and

HY80 steel samples.

2.3 Domain theory

In ferromagnetic and ferrimagnetic materials, the atomic magnetic moments spontaneously

align (or anti-align, as in the case of ferrimagnetic material) into small sub-volumes called

domains. These domains have a uniform magnetization at saturation. They form when the

material cools below its Curie temperature (Tc = 770 � C for iron) and the atoms get close

enough to be in�uenced by their neighbour's electron spins, known in quantum mechanics

as spin exchange interaction [16]. Above that temperature, the material is paramagnetic and

does not order itself into domains, since the thermal energy is stronger than that of neigh-

bouring atoms. This theory of paramagnetism is credited to Langevin and the spontaneous

magnetization of domains for ferromagnetic materials is credited to Weiss [27] in 1907.

The discovery of Barkhausen noise [28] supported domain theory. Then in the 1930's,

magnetic domains were observed directly under a microscope [29]. This was done by plac-

ing magnetic powder on the polished surface of a ferromagnetic crystal, known as the Bitter

method [30]. Later, an experiment by Williamset al. [31] demonstrated the movement of

domains of a single Si-Fe crystal in the form of a hollow rectangle, like a picture frame, due

to a low alternating magnetic �eld.

The bulk magnetization,~M , of the material is the vector sum of the magnetization in

these domains. The transition zone between different domains is called a domain wall.

For steel or iron, which has a Body-Centred Cubic (BCC) structure, there are two types

of walls; 90� and 180� domain walls, named after the degree of magnetic vector transition

across them. The con�guration of these domains, size, orientation, number and thickness
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2.3. Domain theory

of the walls, is the result of a balance of magnetic energies.

2.3.1 Magnetic Energies

Magnetic domains form to minimize internal energy [16]. There are four basic energies

involved in ferromagnetism, which in�uence domain formation; exchange energy, mag-

netostriction (or magneto-elastic energy), magneto-static energy and anisotropic energy

[16],[18], [32].

Exchange energy(Eex) is the quantum-mechanical exchange force at the molecular

scale, which aligns adjacent electron spins, and is minimized when atomic dipole moments

are parallel for ferromagnetic materials such as iron, cobalt and nickel [33]. These ele-

ments have a positive exchange interaction, whereas antiferromagnetic elements such as

manganese and chromium, minimize this energy when their electrons have antiparallel mo-

ment arrangements, which is a negative exchange interaction [11]. The Bethe-Slater curve

shows the variation in exchange energy as a function of the ratio of interatomic distance(a)

to the radius(r ) of the un�lled electron shell as shown in Figure 2.4.

Figure 2.4: Bethe-Slater curve: exchange energy for increasing ratio of interatomic distance (a) to
electron shell radius (r) [32].

Exchange energy is calculated by considering the interaction between two atoms at

lattice sitesi andj , and is given by [11] :

Eex = � Jex ~Si � ~Sj = � 2JexSi Sj cos� ; (2.3.1)
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2.3. Domain theory

whereJex is the exchange integral representing the strength of the overlap of charge distri-

bution between the atoms. This integral is strongest for neighbouring atoms and is depen-

dent on temperature, and so for atoms that are far apart,Jex is taken to be zero.� is the

angle between the atoms' spins and~Si and ~Sj are the spin vectors, which have a magnitude

of � 1=2 under the assumption of the Ising model [30]. Equation 2.3.1 applies to all matter,

with any orientation ofS, and is also called the Heisenberg model [34].

Anisotropic energy (E � ), relates to the preferred directions of the magneto-crystalline

structure called the “easy” axis of magnetization. Iron has a body-centered-cubic (BCC)

crystalline structure, which has an “easy” axis along the cube's edges [001] or [100], a

“medium” axis diagonal across the cube face [110] or [011] and a “hard” axis through the

center [111], as shown in Figure 2.5 a), with relative magnetization curves in Figure 2.5 b).

The equation for anisotropic energy is related to the strength of the anisotropy with respect

to the easy axis directions [11]:

E � = � 0 + � 1(� 2
1� 2

2 + � 2
2� 2

3 + � 2
1� 2

3) + � 2(� 2
1� 2

2� 2
3) + ::: (2.3.2)

where� 0; � 1; � 2 etc. are the magneto-crystalline anisotropy coef�cients for the material at

a given temperature,� are direction cosines relative to the easy axis directions, as indicated

by the subscripts 1, 2, and 3. The �rst term,� 0, is independent of angle and is usually

neglected from the equation [32]. The coef�cients increase as temperature decreases below

Tc and� 1 is much larger than� 2 so additional coef�cients are neglected.

Figure 2.5: a) The three anisotropic axis of a single BCC iron crystal and b) associated magnetiza-
tion curves (adapted from [17]).
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2.3. Domain theory

The width of domain walls is the result of the balance of exchange energy and anisotropic

energy. The exchange energy strives to increase the domain wall width so as to reduce the

angle between neighbouring electron spins, whereas anisotropic energy aims to reduce the

amount of magnetization in non-easy axis directions. The resulting width of the magnetic

domain wall, through which the spins are rotated 180� , is around 300 atoms wide for iron

[32]. The sum of these energies is also calleddomain wall energy and the number of

domain walls can change to accommodate stresses present in the material [18].

Magnetostriction, � , is the term for strain induced changes in magnetization due to the

relationship between exchange energy and magnetic energy [18].

� =
� l
l

and � t = �
1
2

� ; (2.3.3)

wherel is the length,� l is the change in length and� t is the transverse strain perpendicular

to the applied magnetic �eld, which, for most ferromagnetic materials, is approximately

1=2� in the opposite direction. Note,� is used for magnetostriction strain to differentiate

it from mechanical strain,� . Either form of strain will change the ratio of interatomic

distances and therefore, the level of exchange energy (Figure 2.4) which, in turn, affects the

material's magnetic response. Similarly, an external magnetic �eld will cause the material's

crystalline structure to strain or constrict in response to the magnetic energy [16].

Positive magnetostriction is when the material elongates in the direction of the applied

magnetic �eld, as is the case for iron, and negative magnetostriction is when the material

contracts along the applied magnetic �eld, as is the case for nickel [33]. Figure 2.6 shows

positive magnetostriction in the direction of an applied H �eld. Magneto-elastic energy

encompasses magnetostriction, since this energy relates to strain,� , and, its effects on the

crystalline structure of the atoms in the magnetic material [33].

Anisotropy affects magnetostrictive strain so the variable is often denoted with a sub-

script for the crystalline direction it is measured in;� 100, � 110, and� 111, denoted by the

anisotropic axes shown in Figure 2.5. In polycrystalline structures, such as steel, the ”easy”

axis [100] refers to the direction parallel to the 180� domains and the ”hard” axis [111] is

perpendicular to them [17].
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2.3. Domain theory

Figure 2.6: Magnetostriction with magnetic object model of iron crystal a) without H �eld, and b)
with H �eld causing domain wall movement and elongation.

The saturation magnetostriction� s that is in the same direction as the applied magnetic

�eld is given by [11]:

� s =
3
2

� 100(� 4
1 + � 4

2 + � 4
3 �

1
3

) + 3 � 111(� 2
1� 2

2 + � 2
2� 2

3 + � 2
1� 2

3) ; (2.3.4)

where� are directional cosines between the applied magnetization and the easy axis direc-

tions, which are the same as the ones for the anisotropic energy equation.

Magneto-static energyis the energy of a �nite body associated with free poles at a

surface [16]. Magneto-static energy is non-zero when magnetization is either non-uniform

(r ~M 6= 0 ) and/or there is a normal component of magnetization (~n� ~M 6= 0 ), both of which

strongly depend on the geometry of the �nite body [16]. This energy is minimized when

the material's magnetization is closed and external �elds are reduced.

There are two sources of magneto-static energy; from the self-magnetization of a per-

manent magnet and from the internal demagnetization �eld,~Hd [11]. In both cases, the

magneto-static energy opposes an applied magnetic �eld,~H , it resists change and is pro-

portional to ~H . This section focuses on the second type, where the effective �eld,~Hef f

through the material is the difference between the applied~H �eld and the demagnetization

~Hd �eld.

~Hef f = ~H � ~Hd

where ~Hd = Nd ~M ;
(2.3.5)

whereNd is the demagnetization factor, which ranges from 0 to 1 and depends on shape

of the material being magnetized [11]. To calculate this factor, consider an in�nitely long
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2.3. Domain theory

plate with lengthL � 1 and thicknesst and a �eld applied through the plateH , as shown

in Figure 2.7 a). Apply Equation 2.1.1r � ~B = 0 for a surface integral of a plate with a

normal component of~Hn over a regionS [30].
ZZ

~Hn � d~S = m ;

Hd S = MS or ~Hd = ~M ;
(2.3.6)

wherem is the magnetization element on the surface. Assuming the magnetic �eldH is

constant and uniform across the plate, and the length is signi�cantly larger than the thick-

ness, then the demagnetization factor isNd = 1 [12]. Alternatively, if the �eld is applied

along the length of the plate, as shown in Figure 2.7 b), then the demagnetization �eld and

factor will be zero (Hd = 0 ; Nd = 0) because the surface effect on the ends is negligible.

Figure 2.7: In�nitely long plate with ~H �eld applied a) perpendicular and b) parallel to the plate
(adapted from [30]).

The magneto-static energyEms is calculated as the volumetric integral of the magneti-

zation �eld Hd, which can be written in terms of applied magnetic �eld using Equation 2.3.5

as [16, 30]:

Ems =
1
2

Z
H 2

ddv = �
1
2

Nd � M 2 ; (2.3.7)

To reduce this energy, ferromagnetic materials divide themselves into fully saturated mag-

netic domains, where the smaller the domain, the smaller the external magnetic �eld (M =
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2.4. Magnetic object model

M s) [11, 16, 30, 32]. But there is energy associated with the creation of domain walls

due to the presence of the other magnetic energies; exchange energy, magnetostriciton and

anisotropic energy. The formation of magnetic domains with minimum energy is illustrated

with the use of the Magnetic Object model (MO) model, as previously shown in Figure 2.8.

2.4 Magnetic object model

Magnetic domain structure is a result of the interaction and minimization of the four main

energy states. To understand these interactions, the magnetic object (MO) model can be

used, which contains one or more180� domain walls, as previously shown in Figure 2.8.

The MO takes a volume of a single grain or crystal of the material that has uniform mag-

netic properties, i.e., the same easy axis along which the180� magnetic domains lie [18].

Figure 2.8 shows a �ux-closed con�guration, which minimizes the total energy within the

structure as the sum of exchange (Eex), crystallographic anisotropy (Ek ), magnetostrictive

(E � ), and magneto-static (Ems) energies [18, 32].

Figure 2.8: 180� and 90� domain walls indicated on a magnetic object for a single crystal of iron
with the easy axis de�ned by the crystallographic [100] direction (adapted from [18]).

Under an applied magnetic �eld,H , the magnetic domains change size in response to

the increasing �ux density,B , in the material, as shown in Figure 2.9 [32].

The reversible stage i) is when the MO is �rst subjected to the magnetic �eld and is

demagnetized with a �ux-closed domain structure. The next stage ii) is the irreversible

growth of the180� domains most closely aligned with the applied �eld. These domains
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2.5. Magnetic Barkhausen Noise

Figure 2.9: The behaviour of domains in a ferromagnetic material during initial magnetization
(adapted from [32]).

grow �rst, since they make the dominant contribution to magnetization. The magnetization

slows down with the movement of the90� domain walls, at the knee of the curve iii), since

those domains have less magnetic contribution to balance the applied magnetic �eld. Once

the MO has a single domain iv), it rotates to align with the applied �eld, and saturation v)

is reached [32]. When the direction of the applied �eld is reversed, it creates a magnetic

hysteresis loop, which is used to produce and measure MBN.

2.5 Magnetic Barkhausen Noise

Barkhausen noise is primarily associated with irreversible magnetization transitions within

the material, where 180� magnetic domain walls (DWs) are abruptly moving from one pin-

ning site to another in an energy landscape [18]. Pinning sites are locations of lower energy

such as a defect, grain boundary or impurity [35]. Therefore, it takes additional energy

to overcome the barrier and jump to the next place of lowest energy level within the MO.

Figure 2.10 gives an example of a hypothetical energy landscape, where a DW moves from

pinning site 1 to 2 in response to the H �eld, while the DW pinned on site 3 doesn't have

enough energy to move.
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2.5. Magnetic Barkhausen Noise

Figure 2.10: Motion of domain walls through energy landscape (adapted from [18]).

These abrupt DW movements cause changes in the material's magnetization or mag-

netic �ux d�
dt with time. A pick-up coil placed near the area of the material being mag-

netized can read a voltage induced by the changing �ux according to Faraday's law, as

previously shown in 2.1.5 [32]. The signal is retrieved through the pickup coil at a fre-

quency of 100 Hz to 300 kHz. It is then passed through a high pass �lter and ampli�ed to

separate it from background noise.

The MBN signals are concentrated in two bursts per magnetization cycle, or hysteresis

loop, which occur around the coercive points for the material, as shown in Figure 2.11.

Figure 2.11: Barkhausen noise and envelope response for a 300M steel sample due to a 0.8 T �eld
alternating at 50 Hz.

The signals are translated to positive values by evaluation of Root-Mean-Squared (RMS)

voltage. The RMS is integrated over short time intervals to produce positive curves called

MBN envelopes with units mVrms. Figure 2.11 shows the pick-up coil response in blue
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2.5. Magnetic Barkhausen Noise

for Barkhausen noise events as a function of time and the MBN envelopes in orange as a

function of phase angle, due to a magnetic �eld alternating at 50 Hz.

Magnetic Barkhausen noise energy (MBN energy) is calculated by taking the integral

of this voltage squared signal over time,dt, of one cycle [36]:

MBN energy =
Z

V 2dt; (2.5.1)

The resulting MBN energy is in units of (mV)2s. It is understood that (mV)2s isn't units

of energy (Joules) but it is proportional to energy, as there is an effective resistance constant

that is ignored [32].

2.5.1 MBN and stress

Stress is de�ned as a force per unit area. For crystalline materials, such as steel, these forces

act in three dimensions, expressed as a Cauchy stress tensor,~� , with principle stresses along

thex, y andz axes [37]:

~� =

2

6
6
6
4

� xx � xy � xz

� yx � yy � yz

� zx � zy � zz

3

7
7
7
5

: (2.5.2)

In the same way, strain,~�, is a tensor. This research applies stress by bending rectangular

samples so that it is uniaxial; only applied in along thex axis. For this reason stress and

strain can be simpli�ed to� xx = � and� xx = � , respectively, and will here on, be referred

to by these magnitudes.

A relationship between mechanical stress and magnetic characteristics was �rst ob-

served by Joule [38] in 1841, when he described the lengthening of a steel bar under an

applied magnetic �eld. Then in 1865, Villari [39], observed the inverse, a bar lengthened

by tension would change its magnetic properties, which came to be known as Villari rever-

sal [17]. This was later combined with magnetic domain theory and the balance of energies

including applied and residual stress.

From the balance of magnetic energies perspective, mechanical stress comes hand in

hand with strain, be it from spontaneous magnetostriction, �eld-induced magnetostriction
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2.5. Magnetic Barkhausen Noise

or mechanical applied force. Assessing the stress experienced by a volume of material is

called the inverse effect of magnetostriction and it plays an important role in determining

the domain structures in an attempt to reduce this energy [30]. To calculate magnetostrictive

energyE � , we consider an applied stress� and include it in Equation 2.3.4:

E � = �
3
2

� 100� (� 2
1
 2

1 + � 2
2
 2

2 + � 2
3
 2

3 �
1
3

) � 3� 111� (� 1� 2
 1
 2 + � 2� 3
 2
 3 + � 1� 3
 1
 3)

(2.5.3)

where the
 i are the directional cosines of the stress tensor with respect to the easy axis. For

iron, magnetostriction is isotropic meaning that� 100 = � 111 = � s [32], so Equation 2.5.3

can be simpli�ed to:

E � = �
3
2

� s� cos2 � where cos� =
1

p
3

(
 1 + 
 2 + 
 3) (2.5.4)

where� is the angle between the direction of magnetization and easy axis, but also holds

true for describing the angle between the magnetization and the stress� , since isotropic

magnetostriction is assumed.

These magnetic changes due to stress in�uence Magnetic Barkhausen noise (MBN),

which has given this phenomenon an application for Non-Destructive Evaluation (NDE)

for residual stress measurement. Residual stress is the internal stress that remains in a ma-

terial after plastic deformation and once the applied stress has been removed [40]. Tensile

stress or strain has been shown to cause large changes in MBN responses for ferromagnetic

material [41]. This phenomenon has been researched for applications with pipeline steel

[42], [43], submarine steel [44, 45], tool steel [46], electrical steel [47, 48], pressure vessels

[49] and aircraft landing gear [36]. Since stress effects domain con�guration and MBN

arises from the movement of magnetic domain walls, a relationship can be inferred to be

present between MBN signals and stress [32].
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3 Experimental equipment and

materials

This section covers the experimental equipment, instruments, and samples used in the ex-

periments. The portable MBN system is used in all three experiments to take MBN mea-

surements of the samples in elastic and plastic bending experiments, as well as apply the

time-varying magnetic �eld to the samples for the hysteresis plot experiment. The four-

point bending apparatus applies bending loads to the sample and houses the MBN probes

from the portable system. The bending stress is con�rmed by strain gauge equipped sam-

ples under four-point bending. Once the samples are bent, the deformed pro�le is measured

by a precision gauge attached to a milling machine. The hysteresis plots or BH curves are

measured with a U-core probe, an encircle coil and Hall sensors set up.

The materials tested in these experiments are 300M, American Iron and Steel Institute

(AISI) 4340 and HY80 steel. The sample materials section covers the dimensions, me-

chanical and magnetic properties of the samples, as well as Scanning Electron Microscope

(SEM) images of their surface microstructure. Samples' skin depth calculations were done

for different frequencies of H �eld and MBN signal using conductivity measurements and

magnetic permeability values derived from the hysteresis curve experiments. The section

concludes with a simple test to show the samples' magnetic anisotropy by taking MBN

readings along longitudinal and transverse orientations on the samples.
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3.1. Experimental instruments and equipment

3.1 Experimental instruments and equipment

3.1.1 Portable MBN system

A MBN measurement system has three main components [50]; the excitation circuit, which

applies the magnetic �eld through a U-core electromagnet probe, a pick-up (or inductive)

coil, and an RMS ampli�er circuit to measure MBN and send it to a computer. The system

used for this research has an additional feature, which allows for �ux control of the exci-

tation circuit by way of feedback coils [51]. Figure 3.1 shows a schematic for the system

used to take MBN measurements and Figure 3.2 shows the equipment set up.

Figure 3.1: System for MBN measurements.

The MBN signal, as mV, is retrieved through the pickup coil, by Equation 2.1.6, at

a frequency of 1 kHz - 300 kHz, with most of the signal ocuring at 200 kHz [10], at a

sampling rate of 200 MHz. It is then passed through a high pass �lter of 500 kHz to

separate it from background noise. The system converts it to MBN energy by the time

integrated square RMS voltage over several magnetization cycles [45] as shown previously

in Equation 2.5.1, then ampli�es it by 500 times. The system runs twenty cycles for each

measurement but discards the �rst four cycles to allow for stabilization before integrating

over the last sixteen. This signal is compared to the phase of the excitation signal, to show
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Figure 3.2: MBN system and bending apparatus.

how quickly the material is magnetized.

The top and bottom MBN probes were built to be as similar as possible to allow for

measurements on the top and bottom of the sample while in bending. The U-core is made

of Supermendur, a vanadium iron cobalt laminated alloy [52], a highly permeable material

for maximum magnetic �ux density transfer. It was purchased pre-formed in a U, which

was cut in the center to position the excitation coils, then butted back together to make the

probe. The excitation coil has 500 turns total, 250 turns wired in parallel on each half of the

U-core, and the feedback coil has 200 turns total, with two coils of 100 turns wired in series

on each arm, or pole, of the probe. The pickup coil is located between the poles and is a

commercial component with an inductance of 15 micro-Henri. These probe characteristics

are summarized in Table 3.1.

Table 3.1: MBN probe components

Component Characteristic Value
U-core cross-sectional area9:6 � 3:8 = 36:4 mm2

Excitation coil turns 250 + 250 = 500
Feedback coils turns 100 + 100 = 200

Pickup coil inductance 15� H

3.1.2 MBN bending apparatus

The experimental equipment is a four-point bending apparatus, as shown in Figure 3.3 with

Barkhausen measurement probes on the top and bottom of the sample to take readings from
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the side in compression and tension, respectively. The dial on the top of the rig measures the

de�ection in millimeters and the center screw pushes the two center points down causing

the bending. The probes each consist of a magnetization yoke made from a Supermendur

(vanadium-iron-cobalt alloy [52]) U-core, excitation coils also called driver coil, feedback

coils on either arm of the U-core and a pickup coil between the poles.

Figure 3.3: Sample in the MBN bending apparatus between top and bottom MBN probes.

Four-point bending was chosen as the method to apply stress to the sample because the

region between the two center contact points has a constant bending moment, in the elastic

regime, where the probes are located. With the four-point bending apparatus, compression

occurs on the top surface of the sample and tension at the bottom. Figure 3.4 shows the

moment and bending diagram for a sample in the bending apparatus from the front-on view.

The distance between the bottom contact pins, A and D isL = 80 mm and the distance

between the center loading pins, D and C is 30 mm. When the sample is permanently

deformed and the bending load is released, residual stress is present with tension on the top
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(concave surface) and compression on the bottom (convex surface).

Figure 3.4: Pro�le view of bending apparatus, moment diagram and bending diagram.

To conduct the elastic and plastic bending experiments, the sample is placed and cen-

tered in the bending apparatus, as shown in Figure 3.3. The loading bolt is adjusted until

the top pins come into contact with the sample, then the de�ection gauge is zeroed. Ensur-

ing that the MBN probes are making good contact with the top and bottom surfaces of the

sample, measurements can be taken with the MBN system, operated from the LabVIEW

program. The sample bending load is incremented by de�ection between the top and bot-

tom contact pins, as read from the de�ection gauge. Bending stress calculations for the

elastic regime are performed prior to the experiment to determine these increments.

Thestress analysisfor the bending apparatus is presented in Appendix B and summa-

rized below. In the elastic regime, stress,� has a linear relationship with strain,� , by way

of the modulus of elasticity (or Young's modulus)E [53].

� = E� : (3.1.1)

Stress is de�ned as force per unit area, positive for tension and negative for compression.

Strain is the change in length divided by the original length. Mechanical strain� is de�ned
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the same as magnetostrictive strain� , as shown in Equation 2.3.3.

The yield point between elastic and plastic stress is de�ned as the intersection of the

stress strain curve and a parallel slope beginning at� = 0 :2% [53]. The plastic regime no

longer has a linear relationship with strain. When the bending load is removed, residual

stress remains in the sample due to plastic deformation. This stress analysis section focuses

on elastic bending only.

Stress is force per unit area and in bending, this force is acted over a distance, so the

moment must be calculated. Referring to Figure 3.4, the moment diagram shows that the

moment is 0 at points A and D, since the beam is simply supported there. Between points

B and C, the moment,M BC is constant and at its maximum. This value can be calculated

for the distancex = a = 25 mm for the contact point B:

M BC = F � a = F � 25mm forB � x � C; (3.1.2)

whereF is the applied force or load.

From the moment equation, stress is given as a function of the height ory coordinate

across the thickness of the sample, with the maximum tension and compression at the bot-

tom and top surfaces of the sample. If the center of the sample is the neutral axis (zero

stress)y = 0 and the surfaces are half the thickness,c, then the maximum stress is given at

the surfacesy = � c as:

� max =
M BC � c

I z
; (3.1.3)

whereI z is the second moment of inertia about thez axis for the sample, calculated as a

rectangular beam.

The stress exerted on the samples is controlled by bending de�ection, as read from the

de�ection gauge shown in Figure 3.3. For the bending apparatus con�guration, shown in

Figure 3.4, the de�ection,� a, measured at point B (x = a), where the de�ection gauge

measures, is given by [54]:

� a = �
M BC

6EI z

�
3La � 4a2�

; (3.1.4)
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wherea is the distance, 25 mm, between points A and B, andL is the length, 80 mm,

between the outer contacts, point A and D, as shown in Figure 3.4.

Once the de�ection produces a strain that results in a stress exceeding the yield point,

residual stress is calculated based on the strain gauge measurements and the theoretical

height of the plastic zone through the thickness. Residual stress can also be derived from

the de�ection pro�le of the bent sample by radius of curvature measurements. Both methods

are discussed under plastic deformation in Appendix B.

3.1.3 Strain measuring equipment

A strain gauge was attached to one sample of each material in order to measure bending

strain in the MBN bending apparatus. These measurements were used to con�rm the bend-

ing calculation and assess the material's mechanical behaviour. The strain gauges used were

from Micro-Measurements [55] and had a gauge factor of 2.115� 5%. The instrument used

to take the strain measurements was a P-3500 Strain indicator, by Vishay Measurements

Group, the same company that made the gauges.

To use the strain gauged samples, the bottom MBN probe needs to be removed from

the apparatus. The gauge leads are then connected to the strain indicator following the in-

structions on the instrument's lid for a half Wheatstone bridge con�guration. Once zeroed,

the sample is placed in the bending apparatus with the gauge side down, as shown in Fig-

ure 3.5. It can then be subjected to the desired bending increments and MBN response can

be measured with the top probe. The indicator reads micro strain (� 10� 6%), which needs

to be manually recorded, since the indicator does not output to a computer.

3.1.4 Bent sample pro�le measurements

After the plastic bending experiment is conducted, the bent samples' pro�le is measured to

determine the radius of curvature and residual strain. This was conducted with a milling

machine mounted with a pressure sensitive position gauge. The sample was clamped into
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Figure 3.5: Experimental set up for strain gauged sample the bending apparatus.

the milling machine's surface with the convex (bottom) surface up and the position gauge

measured the surface's height along the length, as shown in Figure 3.6.

Figure 3.6: Bent sample curvature measuring experimental set up.
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These height measurements of the convex surface of the sample at equal increments

gave the bent pro�le. This curvature could then be used to plot the de�ection and work

backwards through the plastic stress calculations to estimate the residual stress, as described

in Appendix B.

3.1.5 Hysteresis plots; BH Curve measurements

The magnetic hysteresis or B versus H �eld curves are plotted by sensing the magnetic �ux

density, B �eld, through a sample subjected to a known applied H �eld. The experimental

equipment and set up with a sample are shown in Figure 3.7. An H �eld is applied to

the sample by a U-core magnet with the same design as the Magnetic Barkhausen noise

(MBN) probe. The core is made of Supermendur, which magnetizes easily due to its high

permeability, up to� r = 6 :6 � 104 [52]. An alternating magnetic �eld is generated in the

core from the excitement coil that is controlled by the portable MBN system with an input

voltage. A feedback coil is shown on the U-core in Figure 3.7, but it is not used during the

experiment, which is simply voltage controlled.

Figure 3.7: Experimental setup for measuring the BH curve of a sample.

To take BH curve measurements, the sample is placed in the apparatus jig between the

core and the hall sensors with the encircle coil wrapped around it and clamped in place to

ensure good contact between the surfaces, as shown in Figure 3.7. There are three Hall

sensors, Allegro model A1321 [56], positioned parallel to the surface of the sample at lift
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off distances of 1.5 mm, 4.5 mm and 7.5 mm. Their sensitivity factor is1:59� 104 (A/m)/V

[56].

The Hall sensors measure H �eld strength, which is extrapolated linearly through air

back to the sample, and boundary conditions dictate that the parallel component of the H

�eld is continuous into the surface of the sample [12]. The B �eld is measured by the

encircle coil around the sample using Faraday's Law (Equation 2.1.1). Both �eld responses

are received by a LabVIEW program, which, along with inputs for the sample's cross-

sectional area, allows it to generates the BH curve, for each measurement.

The labView program, named BH Timed V2.vi, takes the user inputs for the cross-

sectional area of the sample, the frequency (2 Hz), and an input voltage from 1-10 V. The

program then uses the MBN system to run the excitation coil for 20 magnetization cycles.

The �rst four cycles are discarded, to allow the system to stabilize, then the last 16 cycles

are averaged and smoothed using the Savisky-Golay �lter, to produce the hysteresis loop.

The appliedH �eld is controlled by the input voltage, since �ux control (and the feedback

coil) is not an option with this system. A minimum of eight BH curve measurements and

various input voltages should be taken to create a family of nested hysteresis loops, which

are then copy pasted into Excel for analysis.

3.2 Sample materials

Three types of high strength steel samples were used for these experiments. The primary

sample material was 300M, aircraft landing gear steel. Two others were tested for compar-

ison purposes; AISI 4340; the non-heat treated version of 300M and HY80; a submarine

hull steel. Typical samples are shown in Figure 3.8. Material properties and composition of

these steels are summarized in Table 3.2.

The sample material was cut into pieces, 9 total samples of 300M and 5 samples of

each AISI 4340 and HY80, with the dimensions shown in Table 3.3. One of each sample

was cut lengthwise to provide a narrower sample for the hysteresis plots experiment, as

shown in the second Dimensions column. The uncertainty in the caliper measurements
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Figure 3.8: Samples 300M, HY80 and AISI 4340.

Table 3.2: Material properties for steel samples.

Material Composition (% wt) Yield Strength Modulus
of Elastic-
ity

Source

AISI 4340 0.4% C, 0.8% Cr, 0.7%
Mn, 0.25% Mo, 1.8% Ni

Annealed 470 MPa 200 GPa [57]

300M 0.4% C, 0.8% Cr, 0.7%
Mn, 0.25% Mo, 1.8% Ni

1500 MPa 205 GPa [58]

HY80 0.15% C, 1.7% Cr, 0.25%
Mn, 0.6% Mo, 3.25% Ni

570 MPa 205 GPa [57],[36],
[45]

was approximately 0.1 mm for the length and width and 0.05 mm for the thickness, which

results in a� 5 to 6%uncertainty in the area and volume calculations for the samples.

Table 3.3: Sample dimensions for the bending and BH curve experiments.

Material # of
samples

Dimensions
(mm3)

Dimensions
BH curve (mm3)

Uncertainty
(mm� mm� mm)

300M 9 102� 19� 2:0
102� 19� 2:2

102� 9:63� 2:06 0:1� 0:1� 0:05 = � 6%
0:1� 0:1� 0:05 = � 5%

AISI 4340 5 102� 19� 2:0 102� 9:66� 2:02 0:1� 0:1� 0:05 = � 6%
HY80 5 114� 17� 2:8 114� 9:63� 2:81 0:1� 0:1� 0:05 = � 5%

Sample hardness was measured for con�rmation that the published material properties

could be applied to the samples, and, in the case of the 300M samples, to con�rm the results

of the heat treatment process. The method for hardness testing was to take the average of

�ve indent measurements at the end of the sample on each side, using a Rockwell hardness
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tester; Newage Indentron NI 400. The results are shown in Table 3.4. It is unclear whether

the AISI 4340 samples were annealed or normalized steel, since the measured hardness was

in between. Annealed AISI 4340 was assumed, since it has a lower yield strength, which

was used for the elastic bending experiment.

Table 3.4: Sample hardness measurements.

Material Hardness (published) Hardness (measured)
300M 50 Rockwell C [57] 53.6 Rockwell C
AISI 4340 Annealed: 17 Rockwell C

Normalized: 40 Rockwell C [57]
29.3 Rockwell C

HY80 21 Rockwell C [45] 20.3 Rockwell C

The samples' conductivities,� c, were measured by way of Ohm's law, Equation 2.1.8,

using 4-point contacts on the sample, as shown in Appendix C. This value, along with

relative permeability� r , which was derived from the hysteresis experiment data in Sec-

tion 3.1.5, was used to estimate the skin depth effect at different excitation frequencies,f ,

with the skin depth Equation 2.1.7. This equation gives the depth at which electromagnetic

waves would dissipate by about a third into an in�nitely thick sample material, and it pro-

vides an estimate for the depth the applied magnetic H �eld would magnetize the samples.

Equation 2.1.7 can also be used to estimate the depth at which MBN signals can be de-

tected, which have a frequency range of 1 kHz to 300 kHz with the majority of the signal at

200 kHz [10]. Table 3.5 shows the skin depth estimates for frequencies used in the follow-

ing experiments; 2 Hz for the hysteresis plots, 30 Hz for the elastic bending, and 50 Hz for

the plastic bending experiments, as well as the MBN frequency range.

3.2.1 Sample's microstructure

AISI 4340 has a microstructure of 100% martensite, 300M 100% tempered martensite and

HY80 has 20% bainite and 80% martensite, as shown in Table 3.6. A Scanning Electron

Microscope (SEM) was used to capture images of the samples' microstructure surface con-

ditions. The striated surfaces of the HY80 and AISI 4340 samples, show grooves oriented

longitudinally, as shown in Figures 3.9 a), c), d) and f). The 300M sample has hints of the
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