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Effect of stress-induced magnetization on crack monitoring by self magnetic flux leakage

method

Fatigue cracks could occur in the material of offshore and marine structures that are cyclically loaded.
These cracks occur due to the cyclic stresses induced by the waves causing premature failure. Monitoring
these fatigue cracks using a wireless system gives the opportunity to guarantee the integrity of the structure
without manual inspection, making this a safer way of inspection. In addition, inspection is very costly due
to the man hours and because of the fact that the locations of fatigue cracks are mostly not easily
accessible. Also, visual evaluation of the crack length can be difficult to assess, which could result in early

retirement of structures or unnecessary and costly maintenance.

A wireless crack monitoring system based on the
Self Magnetic Flux Leakage (SMFL) method could
be a solution for this problem. This method
suggests that the ferromagnetic material is

passively magnetized by the Earth’s magnetic field e e

and the magnetic signal changes when a crack
appears in the material. The measured data is sent
wirelessly to the control room of the marine
structure. Here, the data can be assessed to
determine the size of the fatigue crack (figure 1).
With this information, it can be decided what course
of action should be taken to ensure the integrity of S
the marine structure as long as possible. This will
result in a safer way of working and being
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Figure 2 — Experimental setup

to operator

Figure 1 - Self magnetic flux leakage method

For accurate crack sizing, the SMFL must be interpreted
correctly. During cyclic loading the stresses in the material
change, affecting the magnetic signal. This is called the stress-
induced magnetization. The aim of this research is to investigate
the effect of stress-induced magnetization on the SMFL in the
stress concentration zone of a structural steel plate, and its
implications for crack monitoring by the SMFL method.

The measured stress magnetization curves are obtained by
means of an experiment. In this experiment, a steel plate with
an elliptical hole is cyclically loaded up to the yield stress. The
magnetic signal is measured in a grid around the hole (figure 2).
The results show a maximum variation of 25 uT. Depending on
the application, the stress-induced magnetization may need to
be considered for the interpretation of the measured signals for
crack monitoring using the SMFL method.
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Introduction

1.1. General

Fatigue cracks could occur in the material of offshore and marine structures that are cyclically loaded. For
example in the plate material of a ship, mooringlines, but also in bridges and all other steel structures that are
cyclic loaded. These cracks occur due to the cyclic stresses induced by the waves causing premature failure.
Monitoring these fatigue cracks using a wireless system gives the opportunity to guarantee the integrity of
the structure without manual inspection of the structure, making this a safer way of inspection. In addition,
inspection is very costly due to the man hours and because of the fact that the locations of fatigue cracks are
mostly not easily accessible. Also, visual evaluation of the crack length can be difficult to assess, which could
result in early retirement of structures or unnecessary and costly maintenance.

A wireless crack monitoring system based on the Self Magnetic Flux Leakage (SMFL) method could be a
solution for this problem. This method suggests that the magnetic signal changes when a crack appears in
the material. The measured data is sent wirelessly to the control room of the marine structure. Here, the
data can be assessed to determine the size of the fatigue crack. With this information, it can be decided what
course of action should be taken to ensure the integrity of the marine structure as long as possible. This will
result in a safer way of working and being economically more efficient as in figure 1.1 is visualized.

Current situation

s e O e S (9

I] Inspections I] Crack detection [I Periodic inspection |] Critical moment detected [I Repair

>

Situation with wireless crack

detection CrackGuard placement Critical moment detected

Inspections Repair

Figure 1.1: The benefits of using a wireless crack monitoring system

1.2. Problem Statement
The SMFL method is based on measurements with a Hall sensor. This sensor measures the amount of mag-
netic flux density in a particular direction. This unit is expressed in the dimension micro Tesla [uT]. Measur-
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ing a change in magnetic flux density could give an indication for the crack length. This change can be caused
by the occurrence of a crack or by other factors, like the magnetization induced by stresses in the material.
For the data to be correctly assessed all the factors influencing the SMFL need to be researched. This thesis
will focus on the changes in SMFL caused by stresses induced in the material.

1.3.

Research objective

The main research question is:

What effect does the stress-induced magnetization have on crack monitoring by self magnetic flux leak-
age on a steel plate?

The sub question that needs to be answered is the following:

Is it possible to detect a fatigue crack in a steel plate that is in tension with a Hall sensor measuring the
magnetic flux density?

Does the magnetic flux density signal for a fatigue crack brought into tension behave the same as for
cracks that are not?

Is the effect of the stress-induced magnetization significant on the magnetic flux density signal of a
steel plate with a fatigue crack?

Does the effect of the stress-induced magnetization on the magnetic flux density signal of a steel plate
with a crack correspond to the behavior described in the literature?

What is the difference between the magnetic flux density signal of a plastically deformed part of the
steel plate and the elastically deformed part?

These question will be answered in chapter 6 and discussion and recommendations for these results can
be found in chapter 7.



Theory and literature study

2.1. Introdution

In this section the measuring technique for the self magnetic flux leakage method is explained. This method
can be influenced by several effects. Two of these effects are the crack opening effect and the stress-induced
magnetization. These effects will be discussed in more detail. This chapter ends with the explanation about
the three stages of fatigue.

2.2. Magnetic Testing

2.2.1. Introduction

The self magnetic flux leakage method is a non destructive evaluation method for monitoring fatigue cracks.
This method is based on measuring the magnetic signal which means that the steel structure needs to be
magnetized. The steel material is not actively magnetized by other magnets or coils for this method. The
structure is solely magnetized by the Earth’s magnetic field which is called passive magnetization. This creates
flux lines through the metal. When a crack appears these flux lines "leak’ out of the metal into the air. This
is explained in more detail in this section. The leaking flux can be measured with a magnetometer which
measures the magnetic signal. This data can be translated to a crack length with appropriate knowledge of
this signal. This knowledge is extended with the effect of the induced stresses on the magnetic signal. The
data is send wireless to the operator and he can assess what course of action needs to be taken to maintain
the integrity of the structure. This is schematically illustrated in figure 2.1.

<3
TUDelft

Figure 2.1: Schematic explanation SMFL method
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2.2.2. Ferromagnetic materials

Materials that can be magnetized are called ferromagnetic materials. They have magnetic domains due to
their crystalline structure. Each of these domains has a remanent magnetization, which is the 'spontaneous
magnetization’ without an external magnetic field being applied. If an external magnetic field is applied the
magnetic domains are aligned resulting the material being magnetized [7]. This is schematically illustrated
in figure 2.2 in reality the shape and location of the domains change as well but this is not illustrated.

Unmagnetized Material Magnetized Material

Figure 2.2: Magnetic domains aligned for magnetization [7]

These domains act as dipoles. The walls of the domains are pinned and experience domain wall bulging
and displacement. Domain wall bulging is reversible but domain wall displacement is irreversible, which
is illustrated in figure 2.3. This makes that ferromagnetic materials show hysteretic behavior between the
magnetic flux density (B) in the material and the magnetic field strength (H). The magnetic flux density B
can be best explained as a measure of the actual magnetic field within a material. This can be expressed as
the concentration of magnetic flux per unit cross-sectional area and is measured in micro Tesla [uT]. The
magnetic field strength H is a measure of the magnetizing field produced by the Earth’s magnetic field and
surroundings. This is measured in ampere per meter [A/m] [6]. A schematic drawing of the hysteresis curve
is presented in figure 2.4.

@® =domainwall pinning
® =domain wall bulging

: =domain wall displacement
L

Figure 2.3: Domain wall pinning, bulging and displacement

B  Flux Density
Saturation
Retentivity
Coercivity
\ Anhysteretic
magnetization
-H H
Magnetizing Force Magnetizing Force
In Opposite Direction
Saturation _
In Opposite Direction B Flux Density

In Opposite Direction

Figure 2.4: Hysteresis curve [28]
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2.2.3. Self Magnetic Flux Leakage Testing

As explained in 2.2.1 the self magnetic flux leakage method is used for testing. This method makes use of
the metal magnetic memory method (MMM). This is based on the fact that ferromagnetic materials can be
passively magnetized by its surroundings and the Earth’s magnetic field [17]. This field has an intensity H
of 49 A/m in Delft (Netherlands) according to the World Magnetic Model 2014 - 2019. For steel this is a very
small magnetizing force. Still, this enough to magnetize the material causing the magnetic flux density to
increase in the steel structure.

In this section two phenomenon are explained that can influence the measured magnetic flux density:
the opening of the crack and the stress in a material, called the magnetomechanical effect.

Crack opening effect

The magnetic flux lines in magnetized material will always take the path of the least resistance. This depends
on the magnetic permeability, which is the relative increase or decrease in the resultant magnetic field inside
the material in comparison to the magnetizing field where the given material is located [6].

The SMFL method shows that in the vicinity of a crack there is a sudden decrease of magnetic permeabil-
ity due to the crack opening. This is caused by the low relative permeability of air ¢, = 1.0 [15] in comparison
to +225 [27] for a structural steel plate. This relative small difference causes some magnetic flux to ’leak’ out
of the material into the air and returns into the steel at the other side of the crack [28].

The flux lines that leaked into the air can be measured with a magnetometer (Hall sensor) as shown in
figure 2.5. Figure 2.6 shows the flux leakage signal presented by the blue line. The search coil of the mag-
netometer gives an output presented by the red line. This results in a positive and negative half-peak in the
output of the magnetometer, when crossing the crack as can be seen in figure 2.6. This can be explained by
local North and South pole that will occur on both sides of the crack [27]. Near the crack tip the flux lines will
remain in the material and go around the crack which causes a concentration of flux lines at the crack tip.

Magnetometer
scanning surface :
of component Flux lines are

perturbed
\9 / near flaw

Magnetic flux

Concentration of flux
lines around the crack
tip

Figure 2.5: Magnetic leakage flux measurement with magnetometer
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Figure 2.6: Variation of leakage flux with distance across a crack [11]

This signal is caused by two factors: the induced magnetism and the permanent magnetism of the ma-
terial. The induced magnetism is the magnetic field caused by the surroundings of the material including
the Earth’s magnetic field. For small fields it can be assumed that this hysteretic curve behaves linear [26].
The induced magnetization is proportional with the applied field and changes instantaneously. The perma-
nent magnetism is due to the ferromagnetic properties of the material and behaves therefore hysteretic. Also,

the permanent magnetism is not homogeneously distributed in the material. This field can be determined
according to Van der Horst [27].

B=Bjna+ Bper 2.1

Magnetomechnical Effect

A part of the permanent magnetism in equation 2.1 is due to the magnetization caused by stresses induced
in the material, this phenomenon is called the magnetomechanical effect and is explained in this section.
This phenomenon is part of the permanent magnetism and therefore it will also behave hysteretic. In this re-

search the assumptions is made that the stress-induced magnetization can be separated from the permanent
magnetism as follows.

B = Bjnq+ Bper + By 2.2)
The magnetomechanical effect is the effect that stress has on the magnetization of a material. According

to [18] the magnetization caused by this phenomenon can be modeled according the equations 2.3 to 2.7.

The effect of stress on the magnetization can be approximated as an effective field described by equation
2.3. In this equation the magnetostriction is denoted by A. This is the change in dimension of a piece of
magnetic material induced by a change in its magnetic state [16], which can also be explained as the strain
caused by the magnetic field. With the effective field description (equation 2.3) the total effective field can be
calculated including the stress contribution as shown in equation 2.4.

It is assumed that the stress dependence of the anhysteretic magnetization can be based on the gener-
alized Langevin function shown in equation 2.5. The anhysteretic magnetization is the change in magne-
tization without hysteretic effects, also described as the energy present prior to when domain wall bulging
occurs. This is indicated in the hysteresis curve in figure 2.4. Equation 2.5 depends on the material that is

chosen and in this model isotropic materials are assumed. The final differential equation for the irreversible,
reversible and anhysteretic components for the magnetization is given by equation 2.7.

3 A
Wy == g — (c0s®0 —vsin?0)

2.3
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H,=H+aM+ H, (2.4)

H, a
Ma_MS[coth(7)—E] (2.5)
where
kyT
a=—" 2.6)
Hom
dM 1 dM,
o e—z(ainE)(l—c)(Mq—Mm)+c o 2.7
where
e=(E-0% 2.8)
’ Parameter \ Unit \ Represents ‘
o [Pa] Stress
A [-] Magnetostriction
M [A/m] Magnetization
Lo [ Z’Zf‘% ] Permeability of free space
0 [rad] Angle between the axis of the applied stress
and the axis of the magnetic field
v [-] Poisson’s ratio
o L Dimensionless mean field parameter
representing interdomain coupling
M; [A/m] Saturation magnetization
Z
kp [ ”;2Ik<g ] Boltzmann’s constant
T K] Temperature
m (J/T] Magnetic moment of a typical pseudomain
E [Pa] Young’s modulus
M,y [A/m] The irreversible component of magnetization
(¢ [-] Reversible wall motion component
€ [Pa] Rate of approach parameter
Coefficient relating the derivative of irreversible magnetization with
4 [%] respect to elastic energy to the displacement of the irreversible
magnetization from the anhysteretic magnetization
[ Coefficient which represents reversible change
N in the magnetization with the action of stress

Table 2.1: Parameters for equations 2.3 to 2.7

This model theory is based on the concept, when a material is under changing applied stress and a con-
stant magnetic field, the magnetization changes and will approach the anhysteretic magnetization [18]. Also,
it takes into account the asymmetry in response to tension or compression. Experiments in mild steel [14]
have shown that there is asymmetry under compression and in tension.
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Effective field description

Since this thesis focuses on the change in magnetization due to the stress a relation needs to be derived for
the magnetization depending on the stress. This can be done according to the effective field description [23]
which is based on the description of the magnetomechanical effect [18] as described before. This derivation
was done by PhD student Aad Vijn from the faculty of Applied Mathematics at the Delft University of Tech-
nology.

For this case a constant magnetic applied field H, and a varying stress o is assumed. This description of
the effective field is done under the assumption that the magnetostriction is very small and the applied field

has the same direction as the direction of the applied stress.

The effective field H, is described in equation 2.9.

H,=H,+aM+ H, (2.9
where
3 01 2.10)
= —0— .
7 2uy OM

The magnetostriction A is expanded as a power serie.

x .
AM,0) =Y yil)M?* 2.11)
i=0
where
Yil@)=3) —v/" (0 (2.12)
n:() n-
The increment d H, is
dH,=adM+ dH, (2.13)

Due to the product rule d H; becomes

3 0’ %A oA
dHy = —|0——dM do+—d 2.14
o 2u0(“aM2 T omac T am o] (2.14)
The notation according to [23] is followed.
Moy = e _ g, 30 FL (2.15)
P oM 7T 20 oM2 '
A(MU)—i(ﬂ+U ’A ) (2.16)
2T T ou0\oM T T aMoo '
The following differential equation for the effective field is proposed
amM
M-M,)=-ké6 —, 2.17
( a) dH, 2.17)

where M, is the anhysteretic magnetization, k is the pinning constant and 6 is the directional parameter,
which is either positive or negative for increasing or decreasing fields.
The anhysteretic magnetization is given by

My (He) = M < (H,/a) (2.18)

where M; is the saturation magnetization, a being a hysteresis parameter and # is the Langevin function
presented in equation 2.19.

ZL(x)=coth(x)-1/x (2.19)
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So, under a constant field the differential equation may be written as

dH, = A (M,0)dM + A>(M,0)do (2.20)

when multiplied with (M — M) this results in

(M- MydH, = A{(M - My)dM + Ay(M — Mp)do 2.21)

This can be simplified with equation 2.17 into

—k6dM=A(M—-Mz)dM+ Ay(M - M,)do (2.22)

Hence,

{kd + A1 (M — Mg)ydM + Ay(M — My)do =0 (2.23)
is the differential obtained that describes the connection between the varying stress and the magnetiza-
tion and this can be written as the following differential equation.
aM Ar(M,0)(M — M)
do k6+ A (M,0)(M— M)

This differential equation is extended by Naus [23] to include the reversible contribution of the magneti-
zation. This equation is extended with constant ¢ which is the reversible wall motion component.

(2.24)

M Ap(M,0)(M - My - ck6 2pe) (2.25)
Ao~ 5+ A{(M,0)(M - M, - cko %) |

This can be solved numerically with the Euler forward method. For this it is needed to tale the first two
terms in the expansion for A(M, o)

A=7y0(0) +7y1(0)M? (2.26)
where
Y0(0) =5+ 700 (2.27)
n@=7+ro (2.28)
andy), v5, ¥, vl €R
The partial derivatives reads
o _ 2y ()M (2.29)
am ~ e :
2
L 2y1(0) (2.30)

) 0 (6/1) 0 71 (0)M) 2.31)
=—|—|== o .

900M ~ oo \om) " a0 !

So, in fact, all derivations of interest are expressed in terms of y; (0), that is in terms of }/(IJ and ﬁ.

In what follows it is written

v1(0) =n+wo (2.32)

son=yYandw=y]
This results in the partial derivatives to be denoted as follows.
oA

Py Y 2M(n + wo) (2.33)



10 2. Theory and literature study

o° 2m+wo)

Z 7 o

oz~ M

oA =20M
000M
The auxiliary functions A; and A, now reads
30 3n 3w ,
AiM,0)=a+—2n+wo)=a+—0c+—0

210 Ho 20

3n 6w

30
Ay(M,0) = 2—(2M(17+wa) +02wM)=—M+ —DMo
Mo

Ho Ho

This results in that the differential equation may be written as:

aM (M= M, — ckadMﬂ)(3’7M+6wMo)

k6 + (M- M, - ckédM“)(a+ M"U+ 2mu002)

By introducing the following denotations the differential equation can be written as equation 2.41.

3
Bi=1 eR
Ho
6w
By=— €R
Ho
dM (M = My — ckd%32)(By M + B, Mo)

do  k5+(M-M,- ck§dM“)(a+Bla+ By02)

where

M,;=M,(H,)=M,(H;+aM+ Hy)

H,; = 3 (76/1 =B1M+2B;Mo
0—2”0 6M_ 1 2

The values used for n = 3-1078 and for = 0 according to Naus [23].

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

To solve this differential equation 5 hysteresis parameters are needed to describe this model. These pa-
rameters are determined according to Jiles [19]. In which the parameters are calculated with an algorithm by
using the measured properties at the origin, loop tip, remanence and coercivity. This gave an approximation
of the curve after which the parameters were manually optimized to obtain the best fit for the entire mea-
sured curve. In the experiments described in this thesis, steel with a yield strength of 235 MPa is used which
has a maximum carbon content of 0.22 wt% [2]. For that reason, the model parameters for Fe 0.2 wt% C [2]

were used.
Parameter Unit Represents
M; 1.6-10° [A/m] Saturation magnetization
a 1085 [A/m] Form factor for the anhysteretic curve
k 320 [A/m] Pinning constant, parameter that determines the hysteresis loss
«a 2-1073 [] Interdomain coupling parameter
c 0.3[-] Reversible wall motion component

Table 2.2: Model hysteresis parameters for Fe 0.2 wt% C [19]
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The effective field description can numerically be solved with the Euler forward method. This method
solves the ordinary differential equation by

Yn+1=Yn+ hf(xn, yn) (2.44)

the solution advances from x, to x,+; = X, + h [4]. For this method it is important to ensure stability
according to the Courant-Friedrichs-Lewy condition. This conditions states that the time step should be
chosen that is smaller than a certain time used in many explicit computer simulations [1]. In the model of
the effective field description the stability is ensured by applying a sufficient large initial field.

2.3. Fatigue Cracks

2.3.1. Forming of fatigue cracks
There are three stages in forming of fatigue cracks [10]:

e crackinitiation
* slow crack propagation

¢ sudden propagation leading to fracture

When crack initiation and slow crack propagation occurs, the structural integrity is still maintained until
the critical crack length, till this point the residual strength in the material is still within the design strength
of the structure [21]. This is illustrated in figure 2.7. Due to the uncertainty of the crack growth, the structure
needs to be inspected more frequently when there is a significant crack or even taken out of service for main-
tenance earlier than necessary. Estimating this point more precisely can lead to saving on maintenance costs
since no man hours are needed and the frequency can be lowered of taking the structure out of service for
maintenance [27].

TIME = |

< Oy = MATERIAL
TENSILE
STRENGTH

RESIDUAL STRENGTH CURVE
>

AVAILABLE ) CRACK PROPAGATION CURVE
FOR CRACK |
DETECTION I
MAX. PERMISSIBLE
o MINIMUM -
DETECTABLE | CRACKSIZE
|  CRACK SIZE |
1 5
[ CRACK LENGTH
STRESS l
|
|

DESIGN STRESS
LEVEL, =i | o e e e

CRACK LENGTH

Figure 2.7: Maximum permissible crack length for design stress level [21]

Crack Initiation

Waves and other vibrations cause cyclic loading in marine and offshore structures. These vibrations can ini-
tiate micro fractures in the material of steel structures.

These micro fractures occur under cyclic loading due to the accumulation of dislocations in the material
resulting in persistent slip bands (PSB) shown in figure 2.8. Along the slip plane of the material these PSB’s
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will cause intrusions and extrusions resulting in a stress concentration which can lead to fatigue cracks under

continues cyclic loading [8].
Slip Plane xtrusion
|ntrusion

‘ — Surface

Figure 2.8: Persistent slip bands [8]

For fatigue cracks to initiate the fatigue threshold, AK;j, needs to be reached or exceeded. This is a func-
tion of a number of variables, including the material, the test conditions, the R-ratio, and the environment
[22]. These values are presented in the ASM handbook [22] for different materials. In this thesis mild steel is
used which has a threshold of 6.4 MPa,/m for a stress ration of R = 0.16.

Slow Crack Propagation

After initiation the fatigue crack keeps propagating under cyclic loading. The crack will propagate up to a
certain crack length ’a’ for every cycle 'N’. The relation for the crack propagation rate is the Paris’s law in
equation 2.45.

da _ m
IN C(AK) (2.45)

In this equation g—]‘\z, is the crack growth rate per cycle, AK = Ky, ax — Kinin = (0 max — O min) V7 a is the stress
intensity factor range and C & m depend on the material, environment, frequency, temperature and stress
ratio [25].

When the fatigue crack has not reached its critical length, the integrity of the structure is still retained.
Wirelessly monitoring the fatigue crack using SMFL method in this stage could be an improvement. Since
the course of action can be assessed before final fracture, without expensive human inspection or premature
maintenance.

Sudden Propagation Leading to Fracture

When the critical crack length is reached sudden propagation of the fatigue crack will occur. This will resultin
fracture of the material. This should be avoided at all times since this would cause failure of the structure. If
the fatigue cracked is monitored using SMFL method then maintenance can be performed on time. Resulting
in maintaining the structural integrity of the structure.

In figure 2.9 the three stages of crack growth are presented and the area where the Paris’ law is applicable.
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Figure 2.9: Three stages of crack growth [25]

2.3.2. Semi-Elliptical surface fatigue cracks

For semi-elliptical fatigue cracks in axial tension there are two directions of propagation possible both are
perpendicular to the loading direction. The crack can propagate in sideways x-direction (also referred to as
in the direction of c¢) or in the z-direction which is in the depth of the specimen (also referred to as in the
direction of a) indicated in figure 2.11. This results in that everywhere along the ellipse there is a different
stress intensity factor and these values differ depending on the geometry. Meaning it can either initiate in the
direction of c (indicated by * in figure 2.11) or in the direction of a (indicated by - in figure 2.11).

The delta stress intensity factor along every point of the ellipse is given by the following equations given
by the British Standard [12]. Figure 2.10 indicates that 8 is the parameter that determines the location at the
ellipse for which the delta stress intensity factor is calculated. The parameter a is the depth of the ellipse, 2c
the width of the ellipse, t the thickness of the plate.

AK=AcYvmna (2.46)
with
Y = M- fu- My (2.47)

M is for the bulging correction factor and for surface cracks in this case M = 1. The correction for finite
width is given by

o= el 20 )

M, is a geometry and crack size correction factor given by the following equations.
a\? a\t
My = [My+ M)+ Ms( ) |- fo- g9

a
M, = 1.13+0.09(—) for0<a/2c<0.5
C
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M, :(2)0'5[1+0.04(2)] for 0.5 <a/2c < 1.0
My =-0.54+ [()Ozigg for0<a/2c<0.5
M2=0.2(2)4 for0.5<a/2c<1.0
M3=0.5—%+14(1.0—%)24 for 0<a/2c < 0.5
M3=—O.11(£)4 for 0.5 < a/2¢c < 1.0
a

b=1+ 1.464(%)1'65
g=1+ [0.1+0.35(%)2](1—sin(9))2 for 0 <a/2c < 0.5
g=1+ [0.1 +o.35(§)(i;)2] (1-sin(@))? for 0.5 <a/2c < 1.0
fo= [(%)cos(@)z+sin(0)2]% for0<a/2c<0.5
fo= [(%)003(19)2+sin(49)2]i for0.5<a/2c<1.0

K\ : 6/
N /
~
J, |

Figure 2.10: 6 parameter determines location at the ellipse [20]

b — P}

As explained before there are two directions in which the crack can start propagating. These points have a
different stress intensity factors that can be used in Paris’ law 2.45. This can be combined into one differential
equation 2.49 to predict the shape changes of the ellipse after a certain amount of cycles [13].

m
m 2

Mg
M,

" [%] (2.49)

da _ [AKa
dc  LAK,

where Ky, = Mig,0Vmia,c} with M, and M, being the stress intensity factor calibrations in the x-
direction and y-direction.
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Figure 2.11: Semi-elliptical defect indicating points of crack initiation [13]







Experimental Testing

3.1. Introduction

To answer the research questions three experiments were conducted. In this chapter the experimental method
is described for each of these experiments.

3.2. Experiment fatigue crack

3.2.1. Geometry

For the this experiment a plate with the dimensions presented in figure 3.1 is used. The dimensions of the
defect in the plate are shown in figure 3.2. The plate has a thickness of 5 mm and is made out of steel with a
yield strength of 235 MPa.

f ‘\
A
/ \
/ \
90 mm
£
defect ——.
) =
- £
/
!
\
\ /
/
-

Figure 3.1: Geometry plate with semi-elliptical surface defect
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A

defect

t=5mm

Figure 3.2: Semi-elliptical surface defect

3.2.2. Experimental setup

Figure 3.3 shows the experimental setup. The specimen is axially loaded in a MTS fatigue testing machine,
that has a maximum range of -350 kN to 350 kN, to induce a fatigue crack in the specimen. For this experiment
the magnetic flux density is measured with a Hall sensor with a sensitivity 1 uT [5] at the opposite side of the
defect as shown in figure 3.3. The distance between the plate and the probe is kept constant at 1 mm. The
magnetic flux density is measured in y direction (out of plane) for a grid of 40 mm in x direction and 20 mm
z direction, with a spacing of 10 mm, positioned in the middle of the plate which is shown in figure 3.4. Also,
this figure shows how the x, y and z axis are chosen. For every millimeter of crack propagation, the fatigue
test is paused and a measurement has been performed. For every measurement the entire grid was measured
twice, for a closed and for an open crack. The first measurement for a closed crack was done by approaching a
force of zero on the specimen. The second measurement for an open crack was done by setting the maximum
tensile load on the specimen.

Figure 3.3: Experimental setup SMFL
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Figure 3.4: The chosen axis and grid

The background field that was measured for this experiment is presented in the table 3.1. This is measured

in the area where the experiment takes place.

Axis background field

Magnetic flux density [uT]

X

y
Z

Table 3.1: Background field experiment SMFL

3.2.3. Parameters fatigue test

The material used is steel with a yield strength of 235 MPa. The specimen is cyclic loaded with a minimum
force of 3 kN and a maximum force of 83.5 kN. This results in a mean of 43.5 kN with an amplitude of 40.5 and
a load ratio of R=0 as presented in figure 3.5. In appendix B the calculations are presented to insure a crack

initiates at the defect.

Cyclic loading

Figure 3.5: Cyclic loading

Time [s]
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3.3. Experiment stress-induced magnetization

3.3.1. Geometry

The effect of magnetomechnanical is tested by axially loading the specimen (figure 3.6) for different load
levels. The specimen contains a through thickness defect as shown in figure 3.6. The two phenomena of
crack opening and the magnetomechanical effect cause a change in the signal strength of the magnetic flux
density as explained in section 2.2.3. To solely investigate the contribution of the stresses the difference in
crack opening needs to be minimized. A fatigue crack is so small that the crack can be fully closed when
there is no stress applied and open when there is. This will result in a relative large contribution of the crack
opening effect. With this design the defect is already in an open position and will open slightly more when in
tension. This makes it possible to assume that the change in magnetic flux density is caused by the induced
stresses according to equation 2.2. The plate is made out of steel with a yield strength of 235 MPa.

70 mm

700 mm

Defect

Figure 3.6: Geometry of the specimen with defect for testing the magnetomechanical effect

3.3.2. Experimental Setup

The specimen is loaded by the same MTS machine as described in section 3.2.2 and shown in figure 3.8. In
this case the specimen will be statically loaded and this load will increase from 0 to 235 MPa in 40 seconds and
will go down to 0 MPa. This process is repeated three times. The force - time diagram for the MTS machine
for this experiment is presented in figure 3.7.
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Force-time diagram
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Figure 3.7: Force - time diagram experiment stress-induced magnetization

The magnetic flux density will be measured in y-direction with the same Hall sensor as described in sec-
tion 3.2.2. The distance between the plate and the probe is kept constant at 1 mm. This is illustrated in figure
3.8 in which the chosen x, y and z axis are shown as well. The measurement of the magnetic flux density will
be continuously measured every 0.2 s during the total duration of 3 runs. This is repeated for every grid point
in the grid presented in figure 3.9, where the points in z-direction are spaced 4 mm apart and in x-direction 5

Figure 3.8: Experimental setup
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Figure 3.9: Grid experiment stress-induced magnetization

The background field that was measured for this experiment is presented in the table 3.2. This is measured
in the area where the experiment takes place.

Axis background field | Magnetic flux density [T
X -10
y -11
Z -20

Table 3.2: Background field experiment stress-induced magnetization

The measurement for the grid point that shows the highest amount of magnetic flux density will be re-
peated for 24 cycles to investigate the long-term effects of repeated cyclic loading. The time-force diagram
for this case is presented in figure 3.10.

Force-time diagram - 24 cycles

82251 1

KN]

L 41125 f -

0 40 80 120 160 200 240
ts]

Figure 3.10: Force - time diagram for experiment with 24 cycles
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3.4. Follow-up experiment stress-induced magnetization

To investigate the difference in signal for the plastically deformed part and the elastically deformed part a
follow-up experiment is carried out. The experiment is repeated in the area of the plate that is not affected by
the stress concentration.

3.4.1. Geometry

The same plate is used again in this experiment as described in section 3.3.

3.4.2. Experimental setup

Again, this specimen is loaded in the same manner as described in section 3.3. The only difference in this
case is that the loading is reduced in the elastic domain. The force-time diagram for the MTS machine is
presented in figure 3.11.

Force-time diagram follow-up experiment

7T

F [kN]

0 40 80 120 160 200 240
t[s]

Figure 3.11: Force - time diagram follow-up experiment

The magnetic flux density is measured in the same manner described in section 3.3. The only difference
is the extension of the grid into the area of the plate where the stress concentration caused by the defect has
no effect anymore. This is located 50 mm above the middle of the elliptically shaped stress concentration.
This is shown in figure 3.12 of the experimental setup of the follow-up experiment as well as in figure 3.13 for
the extended grid. The new row in the grid is numbered 0. Again, there are 5 points on this row. Point (1,2)
and (3,2) of the original grid (3.9) are repeated as reference. The background field during this experiment is
presented in the table 3.3. This is measured in the area where the experiment takes place.

Axis background field | Magnetic flux density [T
X -5
y -14
Z -18

Table 3.3: Background field follow-up experiment
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Figure 3.12: Experimental setup follow-up experiment

Figure 3.13: Extended grid for the follow-up experiment



Experimental Results

4.1. Introduction

In this chapter the results of the three experiments are presented. The experiments are conducted as ex-
plained in chapter 3.

4.2, Results fatigue crack

The results for the experiment measuring the magnetic flux density around a fatigue crack are presented in
this section. Figures 4.1, 4.2 and 4.3 show the results for the crack being in an open position. The results
for the closed position of the crack are presented in the figures 4.4 and 4.5. In the figures the black dotted
line indicates the crack length at the side where the measurements were taken (opposite side from where the
defect was made) and the white dotted line indicates the crack at the side where the defect was made.

4.2.1. Open crack

5 mm thick plate 1026 cycles open 15 5 mm thick plate 28033 cycles open

-15

B, [xT]

20

30 0 0 40 0
x [mm] z[mm] x [mm] z[mm]

Figure 4.1: By, for cycles 1026 - 28033 when the crack is open
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Figure 4.3: By, for cycles 697592 - 769663 when the crack is open
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5 mm thick plate 1026 cycles closed 5 mm thick plate 28033 cycles closed
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Figure 4.4: By for cycles 1026 - 558558 when the crack is closed
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4.2.3. Difference open crack

The difference between each measurement is taken for the results with an open crack, to see how the mag-

netic flux density changes when the crack propagates. To do so every measurement is subtracted with the
measurement before that was done before: measurement(i) - measurement(i-1).

5 mm thick plate difference open 28033-1026 5 mm thick plate difference open 127200-28033
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Figure 4.6: Difference in By, for cycles 1026 - 630363 when the crack is open
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Figure 4.8: Difference in By, for cycle 769663 when the crack is open

4.2.4. Difference open and closed crack

The difference in magnetic flux density is plotted for the crack being in open and closed position. This is
plotted for every measurement in the figures 4.9, 4.10 and 4.11.
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Figure 4.9: Difference in By, for cycles 1026 - 28033 between the crack being open and closed
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4.3. Results stress-induced magnetization
In this section the results for the experiment described in section 3.3 are presented.

4.3.1. Raw Data
In this section the results of the experiment for determining the stress-induced magnetization are presented.
In the figures 4.12, 4.13 and 4.14 the raw data is presented for row 1, 2 and 3 of the grid as shown in figure 3.9.
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4.3.2. Change induced by stress

As explained in section 2.2.3 the magnetic flux consist of three components: the induced magnetism, the
permanent magnetism and the magnetization induced by the stresses in the material. It is assumed that the
surrounding field does not change during the experiment. This means that the induced magnetism can be
assumed constant and can be modeled in a Finite Element Model which is done in chapter 5. The permanent
magnetization at a specific point in the material is assumed constant. In this experiment these locations are
chosen according to the grid in figure 3.9. This results in the stress-induced magnetization being the only
factor that changes during loading. At ¢ = 0 it is assumed that magnetic flux density measured corresponds to
the induced and permanent magnetism according to equation 2.2. This value is subtracted from all the raw
data

BY(1) = By(t) = By(t=0) (4.1)

and results in the change of magnetic flux density due to the induced stresses. This is presented in figures
4.15,4.16 and 4.17 for row 1, 2 and 3 . In these figures the low-pass filter, moving average, was used to reduce
the perturbations in the signal and increase the readability. This filter, filters coefficients equal to the recip-
rocal span [9]. In this case a reciprocal span of 15 was chosen and figure 4.18 shows that the perturbation are
correctly filtered out of the data.
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Figure 4.18: Filtered vs. raw data

The stresses are symmetrically distributed in the plate around the elliptical hole. To investigate if the
stress-induced magnetization also is symmetrically distributed, the grid points (1,1), (1,5), (3,1) and (3,5) are
compared in figure 4.19.
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Figure 4.19: Symmetric grid points stress-induced magnetization
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4.3.3. Hysteretic effects

To investigate if the stress magnetization is a hysteretic effect, the applied force is plotted against the differ-
ence in magnetic flux density for every point of the grid (figure 3.9). There are 6 different periods for the force.
This can be seen in figure 3.7, 3 periods up when the force increases and 3 periods down when the force de-
creases. The datasets plotted in figures 4.15, 4.16 and 4.17 are split in these six periods and are plotted for the
force that was applied on the specimen. This is presented in figure 4.20 and shows the six periods. To analyse
the hysteretic behavior, the results are averaged over the three periods for an increasing force and decreasing

force. The plots for every grid point are presented in figures 4.21, 4.22 and 4.23.
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The hysteretic effects for point (1,2) and (1,3) are combined in one plot to see the difference between the
neutral line (point (1,3)) and a point next to it (point (1,2)) and this is shown in figure 4.24.
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Figure 4.24: Neutral line vs stressed area
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4.3.4. Long-term effects of cyclic loading

After all the measurements were done in the grid 3.9, point (1,2) was repeated to investigate the long-term
Three cycles at the start of this measurement and three
to the original data from point (1,2) presented in figure

effects of cyclic loading as described in section 3.2.2.
cycles at the end of this measurement are compared
4.16. The results are shown in figures 4.25 and 4.26.

For this dataset the hysteretic effect was investigated again by splitting the dataset into 24 periods where
the force was increased and 24 periods where the force was decreased. The average of the 24 periods were

taken, resulting in the hysteretic curve presented in figure 4.27.
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4.4. Results follow-up stress-induced magnetization

In this section the results for the follow-up experiment are presented as described in section 3.4. This exper-
iment investigates the effect of the stress-induced magnetization without the effect of plastic deformation
around a stress concentration.

4.4.1. Raw Data

In the figures 4.28 the raw data is presented for row 0.
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Figure 4.28: By row 0

4.4.2. Change induced by stress

As explained in section 4.3.2 the difference in B), is plotted by subtracting By at t = 0 from the results. In this
case the data is also filtered with a moving average with a reciprocal of 15.
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4.4.3. Hysterese effects

The hysteretic effects are investigated by taking the average of the three periods when the force increases and
decreases as described in section 4.3.3. The plots for every grid point are presented in figure 4.30,
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4.4.4. Effect of plastic deformations

The grid points (1,2) and (3,2) are measured again to investigate the difference between the area affected by
plastic deformation and the area affected only by elastic deformation. These results are obtained according
to section 3.4 and presented in figure 4.31.

Point (1,2) - Average B; -F Point (3,2) - Average B; -F

10 10
Increasing F Increasing F
5 Decreasing F 5 Decreasing F
0 0
N .
e \ e
= N =
%0™-10 : %0™-10
-15 -15
-20 -20
-25 . . 1 25 ) ‘ ]
0 20 40 60 80 0 20 40 60 80
F [kN] F [kN]

Figure 4.31: Average ABy - force diagram point (1,2) and (3,2)






Numerical Simulation

5.1. Introduction

To get more insight in the experimental results numerical simulations were done. The Finite Element Method
(FEM) software package used for this is COMSOL Multiphysics. It needs to be taken into account that the
permanent magnetism cannot be modeled in a FEM model. This is due to its hysteretic behavior and the
inhomogeneous distribution in the material as described in section 2.2.3. This means that there always is a
discrepancy between a FEM model and the experimental results.

5.2. Magnetic model - fatigue crack

Geometry

The geometry is modeled in COMSOL Multiphysiccs as shown in 3.1 with a box of air around it of 15 x 15 x
15 m (Lx B x H). The geometry of the defect is modeled as an through thickness crack with a width of 20 mm
and an opening of 0.1 mm as shown in figure 5.1. The results were obtained for the same area as the grid
described in section 3.2. The grid in the model consists of 42 vertical lines spaced 1 mm between each other
as presented in figure 5.1.
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Figure 5.1: Grid used in COMSOL Multiphysics and geometry defect

Materials & Meshing

Since only weak fields are being considered, hysteresis effects were disregarded and the steel material of the
plate was modeled linearly with a relative permeability of 225 [27]. The other material used in these models
is air, with a relative permeability of 1. The model was meshed using free tetrahedral meshing.

Boundary conditions

The magnetostatic solver used in this model is 'Magnetic Fields, No Currents’ in COMSOL Multiphysics and
the results are conducted for a stationary study. The background magnetic field was set as in table 3.1. The
boundary condition '"Magnetic Flux Conservation’ was set for the domain of the steel plate. The ’'External
Magnetic Flux Density’ boundary condition was used for the outer boundaries of the box of air.

Results

The magnetic flux density in y-direction is calculated for every point on the red lines. These values were
interpolated with Matlab to increase readability since the crack has an opening of only 0.1 mm. This result is
presented in figure 5.2. The white dotted line in the figure indicates the crack.
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Numerical results - Magnetic flux density B!|r
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Figure 5.2: Numerical results By, for fatigue crack

5.3. Stress model - fatigue crack

The experimental results do not correspond to the results from the FEM model. This is explained in more
detail in chapter 6. The literature in section 2.2.3 suggest differences in the magnetic signal due to the in-
duced stresses. For that reason a FEM model in COMSOL Multiphysics is built to calculate the stresses in the
material.

Geometry

The same grid is used as described in figure 5.1. The geometry for the stress model is an adjustment of the
geometry in figure 5.1. The geometry is cut off were the machine clamped the specimen and exerted the force
on it. This is shown in figure 5.3

630 mm

!

5 mm

y‘(l/ X

Figure 5.3: Geometry used in the stress model

Materials & Meshing

The material that was used to model the steel plate is the predefined material 'Structural Steel’ with a E-
modulus of 200 GPa in COMSOL Multiphysics. The model was again meshed using free tetrahedral meshing.
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Boundary conditions

The solver used in this model is 'Solid Mechanics’ in COMSOL Multiphysics and the results are conducted
for a stationary study. The boundary condition 'Fixed Constraint’ was set for the lower end of the plate. The
condition 'Boundary Load’ was set at a load of 84000 N in positive z-direction for the top boundary of the
plate.

Results

The Von Mises stresses are calculated for every point on the red lines. These values were again interpolated
with Matlab to increase readability. This result is presented in figure 5.2. The white dotted line in the figure
indicated the crack.
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Figure 5.4: Numerical results for the stress distribution around the fatigue crack

5.4. Magnetic FEM model - stress-induced magnetization

This FEM model shows the induced magnetism for the steel plate since the permanent magnetization and
the stress-induced magnetization cannot be modeled in COMSOL Multiphysics.

Geometry

The geometry is modeled in COMSOL Multiphysiccs as shown in 3.8 with a box of air around it of 15 x 15 x
15 m (L x B x H). The geometry of the defect causing the stress concentration is also shown in this figure. The
results were obtained for the area around the defect that is covered by the grid in figure 3.9.

Materials & Meshing
The same materials & meshing were applied as in section 5.2.

Boundary conditions
The same boundary conditions were applied as in section 5.2.

Results
The magnetic flux density in y-direction is calculated for the entire area around the stress concentration as
shown in figure 5.5.
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Figure 5.5: Numerical results By, stress concentration

5.5. Stress model - stress-induced magnetization

To indicate the distribution of stresses around the stress concentration a FEM model was build. In this model
the Von Mises stresses are calculated for the plate being in tension at a nominal stress level of 235 MPa. Also,
this model is used to calculate the stresses 50 mm above the stress concentration for a maximum nominal
stress level of 220 MPa. This is used for the follow-up experiment.

Geometry

The geometry as well as the defect is modeled in COMSOL Multiphysiccs as shown in 3.8. The results were
obtained for the entire area that is covered by the grid in figure 3.9 around the defect.

Materials & Meshing

The same materials & meshing was applied as in section 5.3.

Boundary conditions

The same boundary conditions were applied as in section 5.3. The only difference for this case is the condition
'Boundary Load’ which is set at a force per unit area of 235-10% N/m?. This force is set in positive z-direction
for the top boundary of the plate. For the follow-up experiment this was set to 220- 106 N/m?.

Results

The Von Mises stresses are calculated for the entire area around the stress concentration as shown in figure
5.6.
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Figure 5.6: Numerical results for the stress distribution around the stress concentration

For the follow-up experiment the Von Mises stresses are calculated for the entire area around the stress
concentration as well as the area 50 mm above it. This is shown in figure 5.7.
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Figure 5.7: Numerical results for the stress distribution around the stress concentration
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5.6. The effective field description

The effective field description described in section 2.2.3 can numerically be solved with the Euler forward
method. This is done by PhD student Aad Vijn from the faculty of Applied Mathematics at the Delft University
of Technology with the following numerical scheme implemented in Matlab. To insure stability the applied

stress signal should not vary fast.

My1=My+(Opt1—0n)Flon, My)

where F is equation 2.41

(5.1)

(M~ Mo — ckd %) (By M + B, Mo)

adM
Floy,My)=——=

do

and
Op+1 =0 (tps1)
and
o =0(ty)

and

Moy = Mlg=0y,H=H,

k6 + (M — Mg — ckd 938) (a + Byo + } Byo?)

The results of the model describing the effective field description are obtained with the parameters in ta-
ble 2.2 and an applied field according to the measured background field in table 3.2. The initial magnitization
is chosen arbitrarily as 30 % of the saturation magnetization. The results are presented in figure 5.8.
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Figure 5.8: Model results for the effective field description
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5.6.1. The effective field description - Compression

To give an indication of the behavior of the stress magnetization curve under compression figure 5.8 is ex-
tended. This is done by extending the force-time diagram (figure 3.7) with a negative force up to -82.25 kN as
shown in figure 5.9. The model results are presented in figure
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Figure 5.9: Extended force-time diagram for compression force
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Figure 5.10: Model results extended with compression



Conclusions

In this chapter, the conclusions of this research are presented based on the results of the experiments. The
experimental results are also compared to the findings from literature and numerical simulations. Each re-
search question will be answered in a separate section.

Is it possible to detect a fatigue crack in a steel plate that is in tension with a Hall sensor measuring the
magnetic flux density?

The results of the magnetic flux density signal for an open crack is shown in figures 4.1, 4.2 and 4.3 in section
4.2. They show that the magnetic flux density keeps increasing for a propagating crack in the vicinity of the
crack. This is in line with the literature described in section 2.2.3. When the crack opening is increased, the
SMFL increases, resulting in a higher signal of the magnetic flux density. An interesting result is that from
cycle 719292, the crack grew into a through thickness crack and the magnetic flux density suddenly increased
when cycle 729378 was reached. This is clearly illustrated in figures 4.6, 4.7 and 4.8, where the magnetic flux
density increases for every millimeter of crack propagation. The difference between cycles 729378-719292
shows a sudden increase of 8 uT in the vicinity of the crack. This can be explained by the occurrence of an air
gap resulting in a sudden increase in the SMFL. After that moment, the change in magnetic flux density only
increases slightly since the crack has already opened and the only increase comes from the crack becoming
longer. This is not a sudden increase but more gradual as can be seen in the figures 4.7 and 4.8.

In figures 4.9, 4.10 and 4.11, the differences between the results for an open crack and a closed crack are
presented. These figures give clear insight into the increase of SMFL due to the opening of the crack. Es-
pecially near the crack tips, this difference is significant, which could give an indication of the location and
length of the crack. The signal increase due to crack opening corresponds to the theory but to accurately
determine the length of the crack, it is important to know if the signal behaves as described in literature. This
will be explained in the next question.

The magnetic flux density signal for the closed crack is presented in figures 4.4 and 4.5. They show an
increase in By, in the vicinity of the crack during crack propagation. This result is not in accordance with the
expectations because, theoretically there is no air gap that can increase the signal of the magnetic flux den-
sity. When the crack s closed, the magnetic flux is not able to 'leak’ into the air. The increase in By is probably
since the fatigue machine still applied a tension of 3 kN at its minimum, causing a small crack opening.

It concludes that it is possible to detect a change in magnetic flux density in the vicinity of the fatigue
crack for a steel plate under tension. It can potentially indicate the location of the crack. Monitoring the
crack would be possible if there is more knowledge of the occurrence of these peaks at the crack tips. In
the next question the resemblance between the classic SMFL signal in the vicinity of a crack and a crack in
tension will be discussed.

Does the magnetic flux density signal for a fatigue crack brought into tension behave the same as for
cracks that are not?

To investigate the expected magnetic flux density signal of the same plate as described in section 3.2 a nu-
merical model was made in section 5.2. The fatigue crack is modeled in open position but the permanent
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magnetism and the stress-induced magnetism are not modeled because this is not possible in COMSOL Mul-
tiphysics.

The result in figure 5.2 is compared to the results of an open crack which is shown in the last picture of
figure 4.3. The numerical results show that the signal has a negative half peak on the left side of the crack and
positive half peak on the right side. This is in accordance with the experimental results of Van der Horst [27]
and the theory described in section 2.2.3 for plates which are not in tension. The behavior of the magnetic
flux density of the experimental results differs from the modeled results. The FEM model shows that the sig-
nal has a negative half peak on the left side of the crack and positive half peak on the right side. However, the
results of the experiment show that two peaks occur at the crack tips (figure 4.3).

This phenomenon could be due to stress-induced magnetization which is described in section 2.2.3. To
investigate this, a mechanical FE model was built, see figure 5.4. The model can indicate where the highest
stresses occur in the plate and this shows the location where the stress-induced magnetization effect proba-
bly has the highest contribution. Figure 5.4 shows the highest stresses at the crack tips. This is also expected
since a stress concentration will occur at the crack tips.

This could mean that the SMFL due to the opening of the crack is smaller than the effect of the high
stresses at the end of the crack. This could be an explanation for the peaks occurring at the crack tips as
shown in figure 4.3. This is likely due to the stress-induced magnetization which has the highest contribution
at the crack tips and the smallest contribution in the middle of the crack.

It is concluded that the signal shows a different behavior when the steel plate is brought into tension
compared to a plate which is unloaded. Therefore, further research is needed to be able to determine if the
peaks are due to the concentrated stresses at a crack tip. That way the crack length could be monitored even
though the crack opening effect is dominated by the stress-induced magnetization.

Is the effect of the stress-induced magnetization significant on the magnetic flux density signal of a
steel plate with a fatigue crack?

The experiment described in section 3.3 was conducted to answer this question. In this experiment, the
SMEFL due to the change of the opening of the crack is minimized by choosing an elliptical hole as defect as
explained in section 3.3.1. This resulted in the stresses being concentrated at the tips of the elliptical hole as
shown in figure 5.6.

The raw data in figures 4.12, 4.13 and 4.14 show the total measured magnetic flux density. A periodic
behavior can be noticed from these results. To look solely into the contribution of the stress-induced magne-
tization, figures 4.15, 4.16 and 4.17 need to be considered. The results show a periodic change of the stress-
induced magnetic flux density, which corresponds to the period of the applied tension as shown in figure 3.7.

Figures 4.15, 4.16 and 4.17 show the range of the contribution of the stress-induced magnetization for a
steel plate with a geometry as in figure 3.6. This contribution differs from 8 uT for point (3,1) up to a contri-
bution of 25 uT for point (1,2). The amplitudes for points (1,1) and (1,2) are very high which correspond with
the locations of occurrence of higher stresses (figure 5.4). Point (1,3) is at the neutral line where the stresses
are very low according to the numerical results. This is more clearly illustrated in figure 4.24 where the hys-
teretic curves for point (1,2) and (1,3) are plotted. The high stresses occur at point (1,2) while point (1,3) is
located at the neutral line.

It is expected according to FEM model in figure 5.5 that the stress-induced magnetization is symmetric
like the stresses. In figure 4.19 the symmetric points (1,1), (1,5), (3,1) and (3,5) are plotted. However, they are
not symmetric. The same applies if row 1 and row 3 are compared which should be symmetric as well. This
is likely due to inhomogeneous distribution of the permanent magnetism in the material which is assumed
constant under varying stress.

Figures 4.15, 4.16 and 4.17 show that at the start of every new cycle a small downward peak can be ob-
served. This is probably due the overshoot of the MTS machine inducing bending stresses into the specimen.
Since the specimen is very slender a small compression force can result in relatively large bending stresses in
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the specimen. This clearly illustrated in the curve of grid point (1,3) in figure 4.22. This grid point is located
at the neutral line where the stresses theoretically not increase. The contribution at this point is about 0 uT
except for the beginning of the curve. The magnetic flux density increases only at the start of the graph prob-
ably due to the induced bending stresses.

It is concluded that the stress-induced magnetization can have a significant contribution on the SMFL
in areas where the stresses are concentrated. A fatigue crack has an open position when the crack is un-
der tension or in bending, meaning that the opening effects described in section 2.2.3 can be dominated by
stress-induced magnetization. This depends on geometry of the structure, the geometry of the crack, the
magnetization, the magnetostriction and the stresses that are exerted on the structure. Since, stress con-
centrations occur at the crack tips for fatigue cracks, as shown in figure 5.4, it is essential to take this into
consideration for monitoring fatigue cracks. If the results would be assessed with only the knowledge of the
SMFL due to crack opening, the crack size cannot be accurately determined and a wrong course of action
could be taken. This could result in premature failure of the steel structure or unnecessary repair.

Does the effect of the stress-induced magnetization on the magnetic flux density signal of a steel plate
with a crack correspond to the behavior described in the literature?

The effective field description results are found in figure 5.8. In this model, the magnetization initially de-
creases after which it stays in the same hysteretic curve. This can be explained as the hysteretic curve ap-
proaching the anhysteretic curve. The initial decrease is the first stress cycle applied on the material. This
can be neglected when comparing the results because this stress is applied before the measurements pre-
sented in the results were obtained.

Figures 4.21, 4.22 and 4.23 show the average of the 3 periods that the force is increasing and decreasing.
These results can be compared to the simulation results from the effective field description. Absolute values
cannot be compared because this model does not take the permanent magnetism into account. The results
show a hysteretic behavior with a similar curve obtained in the effective field description shown in figure 5.8.

Some of the hysteretic curves in figures 4.21, 4.22 and 4.23 do not close at a force of 0 kN. This could be
explained by the fact that the MTS machine gave an overshoot which exerted compression forces on the plate
causing a different signal.

To investigate the long-term effects of cyclic loading, the experiment is repeated for 24 cycles for point
(1,2) after the entire grid was measured. The raw data are plotted in figure 4.25. Three cycles at the start of
this measurement are compared with three cycles at the end. The previous measurement of point (1,2) was
also compared. These three curves are shown in figure 4.26. The measurements done after repeating the cy-
cles (orange curve) have a smaller amplitude than the previous measurement (blue curve). At the end of the
24 cycles (yellow curve), the amplitude is again slightly smaller than at the beginning of this measurement
(orange curve). This could indicate that the magnetic signal approaches anhysteretic magnetization since
the extra cycles could cause a part of the magnetization to be demagnetized, resulting in a smaller amplitude
of the stress-induced magnetization.

It is concluded that the experimental results behave in a hysteretic manner, which is in correspondence
with the literature describing the effective field description. Also, the results seem to indicate that the mag-
netization approaches the shape of the anhysteretic magnetization since the results show a decreased signal
after applying several stress cycles.

What is the difference between the magnetic flux density signal of a plastically deformed part of the
steel plate and the elastically deformed part?

Figure 5.7 shows that there is no effect of the stress concentration 50 mm above the middle of the ellipti-
cal hole. The stress at the location of row 0 is 220 MPa for every grid point. This resulted in the hysteresis
curves of row 0 presented in figure 4.30. The hysteretic behavior is still observed for all the results which is
in accordance with the effective field description. These show a range of 10 uT to 19 uT. The range for the
stress-induced magnetization is expected to be the same for every grid point of row 0 because the maximum
stress also remains the same for every grid point. This is the case for every point on row 0 except for point
(0,1), where the range is 19 uT instead of 10 uT for the other points. This difference may be explained by the
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permanent magnetism in the steel plate, which is different for every location. The permanent magnetism is
coupled with the stress-induced magnetization. This range is smaller than the range found in the results of
the hysteretic curves around the stress concentration. This can be due to the stress range being larger around
the stress concentration compared to the area that is not affected by it.

It concludes that plastic deformation has no significant effect on the behavior of the stress-induced mag-
netization, since the same hysteretic behavior is observed. The range of the contribution of the stress-induced
magnetization depends on the range of stresses that is reached at a specification location. Also, local differ-
ences occur probably due to inhomogeneous distribution of the permanent magnetization in the material.

What effect does the stress-induced magnetization have on crack monitoring by self magnetic flux
leakage on a steel plate?

The stress-induced magnetization causes the magnetic flux density to increase at the location where the
stresses are concentrated. These stress concentrations occur at the crack tips of a fatigue crack. This effect
can be dominant against the crack opening effect depending on the geometry of the structure, the geometry
of the defect, the magnetization, the magnetostriction and the applied stress. This causes the signal to in-
crease at the crack tips and not show the classic negative and positive half peak across the length of the crack.
In this research, the range of the contribution of the stress-induced magnetization for a steel plate with the
geometry presented in figure 3.6 is experimentally determined. The range around the stress concentration
is between 8 uT and 25 uT. For the region on the plate where the defect has no effect anymore the range is
between 10 4T and 19 uT.

The experiment with a through thickness crack described in section 3.2 has a peak-to-peak value of By, of
22 uT as can be seen in the last picture of figure 4.3. This means that the contribution of the stress-induced
magnetization is between 36 % and 113 % according to the results for the experiment in section 3.3. This is
under the assumption that the stresses would be the same for the plate with the fatigue crack and the plate
for determining the range of stress-induced magnetization. This is not the case as can be seen in the results
of the stress models made in COMSOL Multiphysics in figures 5.6 and 5.4. It can be seen that the maximum
stress for the fatigue crack at the crack tip is 5 times higher than the maximum stress of the elliptical de-
fect. This would result in an even higher contribution of stress-induced magnetization. It needs to be taken
into account that the permanent magnetization is not homogeneous which could result in locally different
contributions. Concluding, the stress-induced magnetization dominates the crack opening effect in the ex-
perimental case presented. Therefore, the stress-induced magnetization should be taken into account for the
interpretation of the magnetic flux density to determine the crack size.

Steel plates used in the offshore and maritime industry are usually thicker than 5 mm in which the fatigue
cracks occur. At the department of Civil Engineering of Delft University of Technology, a steel bridge deck is
being tested in fatigue. In this deck, a 30 mm long fatigue crack is induced in a steel plate with a thickness of
20 mm. The peak-to-peak value measured over the crack is approximately 800 uT. The contribution of the
stress-induced magnetization according to the range determined in this research is between the 1 % and 3 %.
The contribution could be higher in reality if the stresses at the crack tip are higher than the stresses around
the elliptical hole. Still, the measured results of the crack in the bridge deck shows the expected SMFL signal
by the crack opening effect of a fatigue crack. This could have been expected since there is more material that
can be magnetized, resulting in a higher magnetic flux leakage. Monitoring this fatigue crack using the SMFL
can be done without any corrections for the stress-induced magnetization.

Monitoring elliptical fatigue cracks that have not fully grown through the thickness of the plate would be a
useful addition for the offshore and maritime industry. Numerical models for elliptical defects with different
geometries are made by ROSEN group. In these models, the permanent magnetism is not taken into account.
The calculated range of the peak-to-peak value of the magnetic flux density is between 2 uT and 32 uT. The
contribution of the stress-induced magnetization is between 400 % and 1250 % for the lower case and be-
tween 25 % and 78 % for the upper case. This is also under the assumption that the stresses in the elliptical
defects are the same as for the stress concentration in figure 5.6. This contribution is significant concluding
that for monitoring elliptical fatigue cracks measuring the SMFL a correction is needed for the stress-induced
magnetization.
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This research concludes that the stress-induced magnetization can have a significant effect on monitor-
ing the length of a fatigue crack using the SMFL method. Its significance depends on the geometry of the
structure, the geometry of the crack, the magnetization, the magnetostriction and the stresses that are ex-
erted on the structure. The signal caused by the stress-induced magnetization can dominate the SMFL that
occurs due to the crack opening effect. To accurately determine the length of a fatigue crack using the SMFL
method, it is necessary to further investigate the contribution of the stress-induced magnetization. With this
knowledge, a correct decision can be made on what course of action should be taken to maintain the integrity
of the structure.






Discussion

This chapter reflects on the results found during experimental testing and modeling. Recommendations for
further research and application are also done in this chapter.

Measurement errors

Three experiments were carried out in this thesis and steps were taken to increase the quality of the results.
Errors can occur while measuring the magnetic flux density such as the varying distance between the plate
and Hall sensor. If this distance increases the measured magnetic flux density will decrease rapidly. In this
research, this was ensured by a plastic tube around the Hall sensor that sticks out 1 mm in front of it. It is also
essential that the probe is exactly perpendicular to the steel plate to measure strictly in one direction along
the chosen axis. The plastic tube around the probe helps to achieve this since it has a bigger surface than the
probe that can be put on the plate.

During the measurements of the experiment described in section 3.3, the probe was held on the same lo-
cation for 4 minutes by hand. Since the permanent magnetism is not distributed homogeneously through the
material it is important that the probe is held on the same position on the plate while doing a measurement.
This was insured by drawing a grid on the steel plate. For the induced magnetism modeled in figure 5.5, the
sensitivity for the placement of the sensor is low because the plate adapts to the value of the induced field in
y-direction of table 3.2 except for the edge of the elliptical hole.

During this experiment the MTS machine and the measurement of the Hall sensor were manually simul-
taneously started and stopped. The internal clock of the program for the Hall sensor did also not measure
exactly every 0.2 s. It differed between 0.17 and 0.22 s. This resulted in the amount of measurements not ex-
actly corresponding to the expected 1200 measurements. While processing the data the peaks of every cycle
where determined to indicate when a new stress cycle started. This could have been more accurate if the MTS
machine did not overshoot and no bending stresses were introduced into the specimen. A solution for that
is to set the MTS machine not to approach a force of 0 kN but for example of 3 kN, which was done for the
follow-up experiment described in section 3.4.

Permanent magnetism

The two components that determine the self magnetic flux leakage are the induced magnetism and the per-
manent magnetism. The permanent component is hysteretic and inhomogeneous distributed in the ma-
terial. For that reason, it is not possible to model this in a FEM model. This causes always a discrepancy
between the numerical and experimental results. Still, the numerical results can give more insight in the ex-
perimental results since it represents the distribution of the induced magnetism.

In this research it is assumed that the total stress-induced magnetization can be uncoupled from the per-
manent magnetization (equation 2.2) but this is incorrect since the irreversible part of stress-induced mag-

netization is part of the permanent magnetization. Still, equation 4.1 can be applied for determining the
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stress-induced magnetization, since there are no irreversible effects visible in the stress-induced magnetiza-
tion curves. The reversible magnetization becomes more dominant after more applied stress cycles because
the anhysteretic magnetization is approached as explained in section 2.2.3.

The stress-induced magnetization is dependent on the total magnetization which entails the permanent
magnetization of the material. Therefore, local differences in the range of the stress-induced magnetizations
can be observed. This is shown in figure 4.19, where points (1,1), (1,5), (3,1) and (3,5) are plotted. These four
points should show the same amplitude for the stress magnetization in the results due to the symmetry of
stresses at these points. This is not the case and could indicate that the permanent magnetism cannot be
decoupled from the stress-induced magnetism. Still, the contribution of the stress-induced magnetization is
generally bigger in areas were the stresses are higher and smaller where the stresses are lower. This difference
is shown in figure 4.24 as explained in chapter 6.

For measuring only, the stress-induced magnetism the steel plates could have been demagnetized before
the experiment but this might also have effect on the amplitude of the stress-induced magnetization. It would
be interesting for future research to use exactly the same plates and demagnetize before loading them again.
From these results the effect solely of the stress-induced magnetization could be determined.

Effective field description

In the effective field description, it is assumed that the direction of the induced field H, has the same direction
as the direction in which the stress is applied. Since the specimen is not actively magnetized the only field
that acts on it is the Earth magnetic field. The angle between the Earth’s magnetic field and the direction of
the applied stress needs to be determined and added to the stress component of the effective field description
which is presented in equation 2.10. This angle can be added with the Poisson ratio as described in equation
2.3 [18]. The added part to the equation described below is colored red to indicate how the factor of the angle
can be added to the effective field description.

3 dA
H, = —i—(coszﬁ—vsinz(i) (7.1)
2 Ho aM

Another factor that is important to consider in this model is @ which is the dimensionless parameter
representing interdomain coupling. This parameter is determined for the exact middle of an ellipsoid made
from steel. When the location is slightly changed within the ellipsoid this parameter already changes. Since
the measurements are taken 1 mm outside of the plate the parameter @ would have a different value. Further
research is needed to be able to determine this parameter outside the material. This results in a discrepancy
between the effective field description and the experimental results.

Application

The SMFL method is used in a sensor for monitoring through thickness fatigue cracks in large steel structures
and is called the CrackGuard sensor. In Appendix B the components of the sensor are explained in more de-
tail and an experiment is conducted with the actual CrackGuard sensor.

An useful addition would be if the CrackGuard could be applied for elliptical fatigue cracks that are not
fully propagated through the thickness plate as already suggested in chapter 6. To achieve this the phenom-
ena of stress-induced magnetization needs to be better understood to accurately link the signal of the mag-
netic flux density to a crack length, since elliptical fatigue cracks give a lower signal compared to through
thickness cracks. This results in the stress-induced magnetization having a significant contribution to the
measured signal. With this addition the CrackGuard sensor could have a wider application for monitoring fa-
tigue cracks. Also, a more accurate decision can be made what course of action should be taken to maintain
the integrity of the structure.

Future research

This research has shown that the stress-induced magnetization has effect on measuring the crack length us-
ing the SMFL method when a steel plate is in tension. This effect needs to be further researched to accurately
determine the crack length in tension or compression because fatigue cracks are usually opened when stress
is applied on the material. Understanding the stress-induced magnetization makes it possible to more accu-
rately determine the crack length and decide on the course of action that needs to be taken.
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This research only considered stresses that occur due to tension in the material, but stresses can also oc-
cur due to compression. The effective field model is extended in section 5.6.1 with a compression force after
three cycles in tension. The result in figure 5.10 shows that the behavior is different in compression, indi-
cating that the behavior is anti-symmetric. This should be further researched with experiments. This would
mean that the contribution of the stress-induced magnetization can have twice the range found in this re-
search. Resulting in that the contribution of stress-induced magnetization can be significant depending on
the application and that further research in to this will be a valuable contribution for the application of the
SMFL method.

The thickness of the steel plates used in the offshore and maritime industry are normally thicker than 5
mm and the volume of material is much larger. This extra volume of steel can be magnetized by the Earth’s
magnetic field and causes an increase of magnetic flux density even though the stresses in the material stay
the same. This could result in the effect of stress-induced magnetization being dominated by the crack open-
ing effect. This could be investigated by repeating the experiment described in section 3.3 with plates with
bigger thicknesses like 10, 15 and 20 mm and applying a tensile load up to the yield strength for every plate.
If the result would resemble the behavior of the numerical results presented in figure 5.5, it could be caused
by the fact that the stress-induced magnetization is not dominant compared to the crack opening effect.

Based on the results of the long-term effects of cyclic loading (section 4.3.4), it seems that the anhysteretic
magnetization curve is approached after a certain amount of stress cycles. This is interesting for the appli-
cation of the CrackGuard sensor because it monitors fatigue cracks that occur after multiple cycles. This can
contribute to correctly assessing the data if it is known when the anhysteretic magnetization is approached
because this behavior predictable. It would give the opportunity to predict the signal that would occur due to
the stress-induced magnetization.

Fatigue cracks are not only induced by cycles with the same stress range. This depends among other
things on the wave spectrum in maritime and offshore structures. It would be interesting to investigate if
even though the stress cycles are not the same, still the same anhysteretic curve is approached. This could be
done by inducing a spectrum of stress cycles that are similar to real life wave conditions and investigate if the
same anhysteretic magnetization will be found by inducing the same stress cycle.






Experiment fatigue crack

A.1. Parameters fatigue test
To insure that a fatigue crack will initiate at the location of the defect the following calculation is made. The
delta load used in this fatigue test is 81 kN. This results in a delta stress at the defect of

AF
Ao =

- W
w- -t
Werip

(A.1)

with W being the width of the plate (90 mm), Wg;;; (75 mm) the width over which the plate is clamped
and t the thickness (5 mm). The factor WZ‘:ip is implemented since the gripping is smaller than the width of
the plate resulting in a lower stress over the width of the plate.

For this case the AK is calculated at the deepest point of the defect according to equation 2.46. This point
is for 0 = 7 this results in

8.23 MPaym>6.4 MPavm (A.2)

since the threshold is exceeded a fatigue crack will initiate at the location of the defect.
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Experiment CrackGuard sensor

B.1. Introduction

In this appendix an experiment is done with the CrackGuard sensor. This sensor makes use of the SMFL
method to monitor fatigue cracks as mentioned in chapter 7. The CrackGuard sensor consist of 60 Hall effect
sensors, which measures the voltage difference that occurs when a magnetic field is applied to a ferromag-
netic material[24]. Also, the sensor contains a backplane. This backplane is made of steel and ensures that
the signal will be picked up by the sensors by spreading the signal more widely. The disadvantage of this is
that the signal strength is lowered.

In this experiment it is investigated if the CrackGuard sensor can monitor a fatigue crack in a plate brought
into tension. Also, a numerically study is done to investigate the effect of different backplanes.

B.2. Experimental testing

B.2.1. Geometry
For this experiment a 5 mm thick plate is used with the dimensions presented in figure B.1. It is made out of
steel with a yield strength of 235 MPa. The dimensions of the defect in the plate are the same as in figure 3.2.

defect ——

]
750 mm

Figure B.1: Geometry plate for experiment CrackGuard sensor
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B.2.2. Experimental setup

In this experiment the CrackGuard sensor is used, which consist of 60 Hall effect sensors positioned in a grid
as shown in figure B.2. In every row the sensors are spaced 11 mm between each other and every next row is
shifted by 5.5 mm. The distance between the rows is 11 mm. The sensor also includes a battery pack which
functions as the power source of the sensor and all of this is poured into a mold of flexible plastic. On top
of the sensors the backplane is placed to insure that the signal of the crack is picked up by one of the Hall
Sensors.

5.5mm 11 mm
— dfpe—
1 * . . . E
I 5
3
L] L ] L ] L ] [ ]
L ] L ] L] [ ] [ ] L ]
L ] L ] L ] L ] L] L ] L ]
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L ] L ] L ] [ ] [ ] L ]
Battery pack

Figure B.2: Schematic CrackGuard sensor

Figure B.3 shows the experimental setup. The specimen is axial loaded in a MTS fatigue testing machine
that has a maximum range of -350 kN to 350 kN, to induce a fatigue crack in the specimen. The CrackGuard
sensor is placed over the defect as shown in figure B.3. It will measure the magnetic flux leakage out of plane.
The fatigue crack will propagate in the direction along the x-axis, this corresponds to the crack propagating
in the direction of the width of the specimen. The x, y and z axis are chosen accordingly to figure B.3.

Figure B.3: Experimental setup experiment CrackGuard sensor
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The background field that was measured for this experiment is presented in table B.1. This is measured
in the area where the experiment takes place.

Axis background field | Magnetic flux [pT]
X 8
y 16
z -31

Table B.1: Background field experiment CrackGuard sensor

B.2.3. Parameters fatigue test
The same parameters as appendix A are used for this experiment. For this case the delta stress is calculated
according to equation A.1 but for a width of W = 100 mm. This results in a 6K of

6.70 MPayvm>6.4 MPavm (B.1)

since the threshold is exceeded a fatigue crack will initiate at the location of the defect.

B.3. Experimental Results

The results magnetic flux density measured with the CrackGuard sensor are presented in figure B.4. The black
line gives an indication of the crack length on the opposite side of the plate.
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Figure B.4: By, for the measurements with CrackGuard sensor
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From these results it can be seen that there are only small changes and there is no signal that indicates the
crack properly. Under these conditions the CrackGuard sensor is not accurate enough to monitor a fatigue
crack. To be able to monitors this fatigue crack more sensitive Hall sensors are needed.

B.4. Numerical Simulation

In this experiment the backplane can influence the magnetic flux density measured by the CrackGuard sensor
since the backplane lowers the signal. The effect of three different back planes is modeled, without a back
plane, with a solid back plane and the CrackGuard sensor back plane to see how this effects the SMFL.

Geometry

The geometry is modeled in COMSOL as shown in B.1 with a box of air around it of 15x15x 15 m (Lx B x H).
The geometry of the defect is modeled as an through thickness crack with a width of 60 mm and an opening
of 2 mm as shown in figure B.5. Three different options for back planes where modeled: without a back plane,
with a solid back plane and the last with the geometry of the CrackGuard back plane. Between the specimen
and the back plane an air gap of 1 mm is modeled. The geometry of these are presented in figure B.6.

60 mm

L g
2 mm

Figure B.5: Dimensions of the defect modeled in a FEM model
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Figure B.6: Geometry back planes

Materials & Meshing

Since only weak fields are being considered, hysteresis effects were disregarded and the steel material of the
plate and back plane was modeled linearly with a relative permeability of 225 [27].The other material used in
these models is air, with a relative permeability of 1. The model was meshed using free tetrahedral meshing.

Boundary conditions

The physics used in this model is Magnetic Fields, No Currents in COMSOL Multiphysics and the results are
conducted for a stationary study. The background magnetic field was set as in table B.1. The Magnetic Flux
Conservation was set for the domains of the specimen and the back plane. For the outside boundaries of the
air around the specimen the External Magnetic Flux Density boundary condition was used. To reduce com-
putation time there was made use of the symmetry of the geometry for that reason only half of the geometry
needed to be modeled. The boundary condition on the symmetry plane that was used is the Zero Magnetic
Scalar Potential. This boundary applies since the magnetic field is perpendicular to this plane.

Results

The results obtained from the FEM model are taken along the red line. This line is modeled on top of the plate
for the entire length of the plate. Since the back plane is behind the Hall sensors the results are taken in front
of the back plane. The results for three different back planes are shown in figures B.7, B.8 and B.9.
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B. Experiment CrackGuard sensor
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Figure B.9: By with the CrackGuard back plane
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