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Abstract

In this report, research works performed in the Structural Safety Engineering Group
of OEC/INC are summarized as the final report of the doctoral fellowship. The main
objective of this study is for the enhancement of the nondestructive evaluation techniques
for structural components of both magnetic and nonmagnetic material. Studies in three
topics have been carried out aiming at the quantitative evaluation of crack with the eddy
current testing and the validation of a natural magnetic field based NDE method for de-
tecting mechanical damages in a paramagnetic material. In the first part of the study, an
approach to the reconstruction of the natural crack was proposed and implemented with an
idealized crack model for its validation. In the second part, the correlation of the natural
magnetization and the mechanical damages in the SUS304 stainless steel was investigated
by using an experimental approach. In part 3, an inverse method: of the measured magnetic
fields is proposed for the reconstruction of magnetic charges in the inspected material by
using an optimization method and wavalet.

As the first work, an approach to the reconstruction of an idealized natural crack of
non-vanishing conductivity is proposed with use of signals of eddy current testing. Two
numerical models are introduced at first for modeling the natural crack in order to repre-
sented it with a set of crack parameters. A method for the rapid prediction of the eddy
current testing signals coming from these idealized cracks is given then by extending a
knowledge based fast forward solver to the case of a non-vanishing conductivity. Based
on this fast forward solver, the inverse algorithm of conjugate gradient method is updated
to identify the crack parameters. Several examples are presented finally as a validation
of the proposed strategy. The results show that both the two numerical models can give
reasonable reconstruction results for signal of low noise. The model concerning the touch
of crack surfaces with a conducting band region surrounded by the crack edge, however, is
proved more efficient than the model using a conductivity distribution from the point of
view of both reconstruction speed and accuracy.

In the second part, an experimental study on the behaviors of the magnetization in-
duced by mechanical damages is carried out. By introducing mechanical damages to a
test-piece with a tension or/and a zero-tension fatigue testing and measuring the corre-
sponding leakage flux signal, natural magnetization change is proved and found increasing
with the mechanical damages (viz. plastic deformation or fatigue damages) though a satu-
ration occurs when damage gets too large. From the experimental results of fatigue testing
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utilizing test-pieces with a central slit, it was verified that observing the natural leakage
flux density (leakage flux without applying external magnetic field) is a reasonable way to
identify fatigue cracks. A feature parameter (area of the ¢ ~ B hysteresis curve) of the.
in-situ magnetic field signal measured during the fatigue testing is proposed for predict-
ing the fatigue damages, which is found depending on the cyclic number of the applied
loading. At last, residual magnetic fields of a magnetized test-piece are also measured and
found depending on the applied plastic deformation in case that the plastic strain is not
too small. From these experimental results, it is found that the approach detecting natural
magnetization is applicable for monitoring the damage status though it may be not efficient
for a scanning inspection concerning its small signal magnitude. On the other hand, the
method employing permanent magnet is robust against the environment noise but possibly
not valid for the ISI of a structural component with a relative low damage level. For prac-
tical application, efforts to evaluate the feasibility of the proposed method are necessary
for more testing conditions especially its suitability in a practical environment.

For reconstructing the magnetic charges induced by mechanical damages in a test
piece of SUS304 stainless steel, inversion methods base on the optimization method and
wavelet are proposed and validated by using the measuring results of the second part.
The approach for solving this typical ill-posed inverse problem is selected as a way in the
least square method category. Concerning the ill-poseness of the system of equations, an
iteration algorithm is adopted to its solving in which the designations of initial profile and
the total number of iterations are taken as the means of regularization. From examples using
simulated input data, it is verified that the approach gives good reconstruction results in
case of signals with a relative high S/N ratio. For improving the robustness of the proposed
method, a Galerkin procedure with base functions chosen as the Daubechies’ wavelet is
also developed for discretizing the governing equation. By comparing the reconstruction
results of the least square method and those using wavelet discretization, it is found that the
wavelet used approach is more feasible in the inversion of noise polluted signals. Moreover,
the selection of the maximum iteration number and the weight coefficients used in the
objective function are also discussed. Reconstruction of 1-D and 2-D magnetic charges
with the least square strategy and reconstruction of an 1-D problem with the wavelet used
method are carried out from both simulated and measured magnetic field signals, which in
turn, are used as the verification of the suitability of the proposed inversion strategy.

* Doctoral Fellow, Structure Safety Engineering Group, OEC/JNC
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Chapter 1

Introduction

Nowadays, for enhancing the safety of various critical structure systems such as the machin-
ery of a nuclear power plant, more reliable NonDestructice Evaluations (NDE) are strongly
“expected by the related industry society. In addition, the improvement of the inspection
efficiency is also getting important as it is indispensable for dealing with the costdown is-
sue, which, as well known, may affect the future of the related industries. A quantitative
evaluation of cracks and an efficient technique for inspecting the damage state before crack
initiation are typical examples of such needs. From the point of view of the merits of the
electromagnetic nondestructive evaluation such as no contact, high speed, high sensitivity
for surface breaking crack, more and more research activities are performed on this subject
aiming at to upgrade the present techniques. '

In the electromagnetic NDE, the eddy current testing and the method of magnetic
leakage flux are usually applied in the practical inspection. The ECT is efficient in the
inspection of massive structural components and is currently applied in the ISI of many
critical machinery and in the manufacturing control. The state-of-the-arts of the present
ECT technique is that only cracks with a relative large depth possibly be detected and
the sizing of the crack can only be performed based on a calibration method. On the
other hand, an increasing requirement on the NDE means is to predict the crack before its
initiation. However, there is still no satisfactory method for this purpose‘ from the point of
view of practical application. Recently, a phénomenon of damage induced magnetization is
found for the SUS304 stainless steel and some carbon steels. Considering that the magnetic
properties of the material depending on the local microstructure of the material, it is
possibly to detect the mechanical damage by measuring the magnetic flux leakage as the
damages affect the microstructure of material significantly.

~ Based on these backgrounds, two study topics are chosen as the research subjects of
the present doctoral fellowship. One of them is the upgrade of the ECT technique by es-
tablishing an approach for the reconstruction of natural crack in a nonmagnetic material
(Inconel 600). Considering the complexity of the natural crack, the modeling of the crack
is performed at first. The inverse analysis method for reconstructing of the artificial crack
then was extended to solve the parameters of the crack shape, position and conductivity.

_1_
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The method is implemented for two crack models and satisfactory results were obtained
for simulated noise polluted ECT signals. For the study on the correlation of the natural
magnetization and the damage status in the material of SUS304 stainless steel, an exper-
imental work for investigating the feature of the natural magnetization, and an inversion
analysis for reconstructing the distribution of the magnetization in the material from the
measured magnetic field signals are performed. In practical, the natural magnetic flux sig-
nals from test-pieces, in which damages from tensile or/and fatigue testing were introduced,
were measured by using a film type FG sensor both during the loading procedure and after
unloading the test-piece. The residual magnetic fields of the damaged test-piece after mag-
netized with a permanent magnet are also performed to investigate the possibility to apply
it to the damage detection in the SUS304 stainless steel. In the inverse analysis of the mea-
sured magnetic field, the parameter to be reconstructed was chosen as the magnetic charge
instead of the magnetization vector in order to reduce the ill-poseness of the problem. By
using an optimization method and wavelet, the charge distribution is reconstructed from
the magnetic field detected from a test-piece containing a fatigue crack, which agrees well
with that observed usihé a colloidal method and in turn, verified the validii:,y of proposed
methods. . _

In the folloWing, the details of these three works are given respectively in the chapter
2, chapter 3 and chapter 4. Concluding remarks and prospect work are summarized at the
last part of the report. |
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Chapter 2

An Approach to the Reconstruction
of a Natural Crack using Signals of
Eddy Current Testing

2.1. Introduction

Shape reconstruction of cracks in a structural component is an important issue for
ensuring safety of the whole engineering structure (e.g. steam generator tubing in a power
plant of pressurized water reactor). In addition, a reliable prediction of crack profiles is
also indispensable in the efforts to extend the ISI (In-Service Inspection) period which,
as well known, connects with a huge economic benefit. The conventional ways of non-
destructive testing, however, are still difficult to satisfactorily fulfill such a requirement
on the quantitative nondestructive evaluation. Hence, researches are still necessary for
upgrading the present NDT technologies in order that the quantitative inspection can be
realized with both a reasonable precision and a high efficiency. | .

As an effort to enhance the technique of crack reconstruction using eddy current testing
(ECT), a database used scheme was recently developed for artificial cracks embedded in
a conducting tube by incorporating a novel fast forward solver to a reconstruction algo-
rithm of the conjugate gradient method. The validity of the approach has been verified by
reconstructing artificial cracks of electro-discharge machining (EDM) from both simulated
and measured ECT signalsl'. To apply this method to the practical inspection of surface
breaking natural cracks such as a SCC (Stress Corrosion Crack) or an IGA (Inter-Granular
Attack), however, more work is needed for both the modeling of natural cracks and the
improvement of inversion algorithm. As described in Ref.[3], the reconstruction of multiple
cracks and a crack with non-vanishing conductivity are fundamental steps to realize the
inversion of practical natural cracks. Bearing mind these backgrounds, we develop an ap-
proach for the reconstruction of a single crack of non-vanishing conductivity in this paper.
At first, two numerical models are proposed for describing both the shape and conductivity

-3 -



JNC TN9400 2000 — 021

features of a crack. The rapid simulation of ECT signals arisen from these idealized cracks
is considered then by extending the knowledge based fast forward scheme to the case of
a touched crack. Thirdly, the crack parameters are solved by using a way of optimiza-
tion analysis which is developed based on a modified algorithm of the conjugate gradient
method and a upgraded code of the rapid forward scheme. Several cracks of typical profiles
are successfully reconstructed on a personal computer which in turn, verified the validity
of the proposed strategy.

2.2. Modeling of a crack with non-vanishing conductivity

As shown in Fig.2.1, a natural crack usually has a much more complicated geometry
than an EDM notch. However, considering features of the fabrication procedure and the
application environment, a crack occurred in a SG tube usually appears as an axial or a
circumferential one perpendicular to the tube surface. The width of the crack, also, can
be assumed varied in a small range. Consequently, it is reasonable to simplify a natural
crack as a planar notch of given opening and non-vanishing conductivity at the first step to
consider its reconstruction. On the basis of such an assumption, the shape reconstruction of -
a natural crack becomes a problem to predicate the crack edge curve and/or the conductivity
distribution at crack region from the detected pick-up signals. _

One of the most direct ways to model a crack is to employ the distribution of con-
ductivity in a selected region which represents the crack edge with a jump of conductivity
(hereafter we call it the conductivity model). Usually, such a function of conductivity
distribution needs to be discretized in order to treat the crack with a numerical way. A

" set of box functions is a suitable candidate to be used as the discrete base functions(*:5l.
However, it subjects to a drawback of low approximation order that means a low precision
unless enough fine discrete cells are adopted. On the other hand, wavelet functions are
recently verified efficient for the expansion of a function with nonstationary property or
abrupt change, and the location where jump occurs also can be simply extracted by using
the multi-scale analysis techniqueltl"hl8, Therefore, as the first model for the crack with
non-vanishing conductivity, we describe it with a two dimensional function supported with-
in a selected region, and assume the conductivity unchanged in the direction perpendicular
to the crack plane. In this case, the distribution of conductivity can be expanded to the
following discrete form by employing the Daubechies’ wavelet function,

o(Z,2) = Y. Gnprea Prir (2)Prpa (2), (2.1)
k1 Kk
where, z € [—1/2,1/2],z € [-h/2, /2] with [, h being respectively the length and thick-
ness of the selected region where cracks possibly happen. ¢, ,{z) and ¢, x,(2) are scaling
functions with resolution level n that are expressed by the Daubechies’ mother wavelet as
Gni(x) = 2™24(2%z — k), and ki, ko are shift parameters with ranges,
2-N<k <2—1 (2.2)

-4 —
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22N <k <2 —1 ‘ (2.3)

and N is the index of the adopted Daubechies’ mother wavelet.

Considering the features of a surface breaking SCC crack, treaﬁng it by the conductivity
distribution model obviously lacks of efficiency as the conductivity model is a general one
suitable for any planar flaws. The drawback caused by this wide feasibility is that it may
lead to a significant decrement on the condition number of the system equations discretized
from the corresponding inverse problem. In fact, by observing the broken tube segments
where natural cracks exist, it is easy to find that a crack region of non-vanishing conductivity
usually is along the crack edge. If we assume the conductivity in this region does not vary
significantly, the model illustrated in Fig.2.2, i.e., a crack consisting of two regions of
different conductivity separated by an extra edge curve, seems a good approximation of the
crack we considered (hereafter we call it two-edge model). Although the two-edge model is
valid only for a specified case, it is obviously more suitable in applications than the EDM
crack (a cavity model of crack), as the later one may gives a much smaller estimation of
crack size, if the conduetivity in crack region is not zero. The two-edge model can take into
account the effect of the touch occurred between the two crack surfaces in the reconstruction
procedure by solving both the conductivity and functions describing the two edge curves.
In addition, as the two dimensional crack function adopted in the conductivity model is
reduced to two 1-d functions, the condition number of the ill-posed inverse problem can
be improved significantly. Practically, the crack parameter for this. model can be chosen
as oy, the conductivity at the conducting band region, and b, the coordinate vector of the
discrete points of crack edges.

In the following sections, the rapid scheme for forward analysis and the inverse algorith-
m for parameter optimization will be described respectively for these two crack models. The
suitability of these models will be evaluated by applying them to the shape reconstruction
with use of simulated ECT Signals and signals containing artificial noise.

2.3. An overview of reconstruction method for an EDM notch

2.3.1 Basic formulation for a forward problem!!

Upon subtracting the A — ¢ formulae about A%, ¢*, the vector and scalar potentials
of the unflawed conductor, from those about A, ¢, the potentials of a conductor with flaw
present, one can obtain the following governing equations about the field perturbation
Af, ¢f for a low frequency eddy current problem,

ﬁgvmf — oo(Af + V¢!) = —[oy — o(0)](A + V), (2.4)

V-oo(AS + V) =V [0y —o(@)](A + Ve), (in conductor) (2.5)
LRV 0, (in air) (2.6)
fio |
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where, A/ = A — A%, ¢/ = ¢ — ¢* are the potential perturbations due to the presence of a
crack, gy is the conductivity of the host material and o(r} is the distribution of conductivity
that is equal to 0.0 in crack region and oy in the conductor. As [0y — o(r)] vanishes in the
conducting area, after FEM-BEM discretization, the Eqs.(2.4)~ (2.6) reduces to,

[R'n R’m}{@{}_[EH U]{Q{'ﬂﬁ} 2.7)
Ky K g |00 g+ [ 2
where, {¢/} = {A7,¢7}7,{¢*} = {A% ¢*}7 are the potentials at every node, [K] is the
coefficient matrix of the unflawed conductor, and [K] is the coefficient matrix corresponding
to the terms with {op — o(r)]. The unknown potential vector {¢} was divided into two
parts: {q;} are the potential values at the node of crack element and {¢,} are the remained
unknowns. As [og — o(r)] vanishes in region Q — Q., [K] is written as in Eq.(2.7) where the
nonzero submatrix [Ell] corresponds to the cells at the crack region.
Multiplying Eq.(2.7) left by [H] = [K]~, we find,

oo _{ Hu Hp Ky 0 od+a | - : (2.8)
@ Hy Hn || 0 0| o+
The equations related to the unknowns {¢/ } can be simply separated from the Eq. (2.8).

If we denote [Hu][ffu] as [G], and the unit matrix as [I], the relation connecting the
unflawed field to the field perturbation in region (1, is finally deduced as follows,

1 - Gl{el} = [GHe")- (29)

As the unknowns of Eq.(2.9) are limited to the crack region €, calculation of the
disturbed field {¢f} using this equation is much faster than the conventional FEM-BEM
code. This increment of speed comes from the significantly reduced number of unknowns.
The information about the conductor and exciting coils are contained in the coefficient
matrices [Hy;] and {¢¥}, that can be calculated a priori as they are independent of the crack.
‘Thus, once these fields were calculated and stored in data-bases, there is no need to compute
them again in the actual calculation of crack fields. Consequently, the computational burden
can be reduced significantly.

The basic difference between the Eq.{2.9) and the conventional schemes using VIM is
the different type of unknowns. The application of the potentials makes the interpolation
of eddy currents a higher order and makes a new FEM element containing crack edge
applicable (this will be explained later). Therefore, the evaluation of a crack which is
difficult to be treated by other methods, can be efficiently performed with use of the new
scheme. '

2.3.2 Establishment of data-bases

From ECT signal, some features of a crack such as the position, length and inner/outer
property usually can be estimated roughly with a classification method. Thus, it is not
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difficult to choose an area including possible cracks and to subdivide it into a grid of small
cells. We calculate the unflawed field at €y using the conventional FEM-BEM code with
the excitation current in the probe or a unit potential acting at one of the nodes in €2
respectively. Storing these results in data-bases, the matrices [Hy;] and {¢*} of Eq.(2.9),
which are necessary for the fast evaluation of ECT signal, can be extracted directly from
the data-bases for any cracks contained in the region §,. Here the property was used that
the field at the crack region excited by a unit source corresponds to a column of the inverse
matrix [Hy].

In case of a conducting tube that is sufficiently long relative to the probe dimensions,
the size of the data-bases can be greatly reduced by considering the shift property of the
electromagnetic field. If the exciting points are in the same layer (same radial coordinate),
the fields excited at different axial (or circumferential) locations will be the same except
a shifted axial (or circumferential} coordinate. Thus, we only need to store the field of
sources acting at a radial line in the central cross section of the tube. The field due to a
unjt source at other nodes can be simply found from these data by shifting the coordinates.

2.3.3 The pick-up signal

As the disturbed field {q{r } can be considered as the unflawed field induced by ‘current
dipoles in crack region, it is convenient to calculate the pick-up signals using the reciprocity
theorem!!%). For a self induction pancake coil, the impedance change is written as,

1 1
= = f. = — U f t _
NZ 7 fmz E JOd’U 72 rtaw E (E + E )(0'0 O'(I‘))d'v, (210)

where (oo — o(r))(Bf + E¥) is the current dipoles in flaw region and I is the current
per turn in the coil. The calculation of the impedance with Eq.(2.10) requires very little
computational work as it can be integrated with the help of the known element coefficient
matrices directly. The EMF (Electromotive Force) of a mutual induction probe can also be
evaluated by using a similar formula. In this case, the fields induced by a virtual current
in pick-up coil have to be iricorpora,ted[ll.

2.3.4 Introducing of a new FEM element

As the data-base have to be established using the grid of given cells a priori, only
cracks being made up of the cells can be treated by using these data-bases if homogeneous
conductivity is a necessary condition in each FEM element. However, as the permeability
and permittivity constants of the SG tubes are the same as those of free space, the electric
charge at a conductor surface is negligible small like the neglected displacement current!:®l
for low frequency problem. Hence, the electromagnetic fields are continuous and the corre-
sponding potentials A, ¢ are approximately one order differentiable at the crack edge. In
addition with the fact that small grid cells are usually selected for subdividing €2, it is

_7_..
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reasonable to apply the shape function of a normal FEM element in the interpolation of
unknown field even for a cell containing crack edge, i.e. with different media. This treat-
ment is similar to what has been proposed in Ref.[17]. Introducing such a new element can
enable us to simply treat cracks with arbitrary shape. In such a case, the difference of the
material is taken into account in the element coefficient matrices, as the integration over
the whole element is reduced to the part related to the crack region.

2.3.5 Algorithm for the inverse problemf?

We define the mean-square residual as,
M
e(e) = Y |Zn(c) - Z3° (2.11)

where, {c} is the vector of crack shape parameters. z,(c) and z°* are the predicted and
observed impedance signals at m-th sampling point respectively. The total data number M
is equal to the product of the number of scanning points and the number of frequency.

The selection of an object function is very important when noise or model inaccuracies
are present. Usually, some weight coefficients or/and some extra constraint conditions are
also introduced in the object function in order to avoid the possible local minimum. In the

- present problem, as we assume that the initial values of the crack poéition_ can be chosen.

as values not too far from the true shape, it is reasonable to regard the the object function
as the mean-square error defined by Eq.(2.11) if S/N ratio is not too small.

We optimize the crack shape vector {¢} by minimizing the mean-square error with the
following iteration,

{c¢}n={c}n + a.,_,{Jc}n, (2.12)

where {dc}, is the update direction of n-th iteration, which is chosen as the direction
parallel to the derivative vector g—j‘,} in the steepest descent algorithm. a, is a step-size
parameter determined as the value maximumly reducing the residual. In the conjugate
gradient method, the vector {dc} in Eq.(2.12) is adjusted to a new direction by considering
the convergence history in order to accelerate the convergence.

To calculate the derivative d¢/dc¢;, it is efficient to apply the method using adjoint
field. The formulae of this method are as follows,

% <o 3 (e - 2y 2], 213)

with the derivatives of impedance signal evaluated with the following equation,

/ E™ (e )33((9; T s, (2.14)

8(:z

where, E is the adjoint electric field. s(c,r) = 0 is the function of the crack edge. The
integral region S is a ribbon shaped surface with width equal the crack opening kg and along

— 8 -
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the crack edge. In Eq.(2.14), the electric field was replaced by its tangential component as
no current flows across the conductor surface. For applying the edge equation of r = s(c, t),
the Eq.(2.14) becomes,

. miy | Em Os(c, t) ‘n
_ ]S Bp(x) - B! (1) 75 -, (2.15)

where, n is the normal unit vector at point t.
For SG tubing with crack perpendicular to its surface, the field is self-adjoint that

can simplify the Eq.(2.14) further. For step size parameter a,, it can be calculated with
an = P/Q and!!%,

8zl
P=Re {Z(Z:;—l = z;fS)*Tz} . Q=X

m

azr-L|?

da,

(2.16)

2.3.6 Shape parameters of an EDM crack

We limit our problem further to the surface breaking cracks considering the property
of ECT. Assuming inner/outer and axial/circumferential properties were known from the
phase property of ECT signal prior to the inversion, it is reasonable to express the crack
with an open piecewise line like the way described in Fig.2.3. A constraint condition is
‘needed in this discretization to impose the two end points p; and p,_ located at the surface
of conductor. Written as equation, the discretized edge curve becomes,

illpl.

Tn- —_
Z(t) = 81(P1, s Pror £) = Tp, + 2B Pt — 1), t € [t tiq] =T, (2.17)
tivr —
1=1,2,......... Ne
z z
Z(t) = Sz(pl, ...,pnc,t) = zpi + M(t — i ) te [ti,ti+1] = Fi, (218)
tz-i—l - t
1=1,2,....... e — 1

where pi,..,p,, are n; points equally spaced at the crack edge. Zp;» 2p, and t; are the
rectangular and curve coordinates of the point p; respectively. The first and last points are
located at the corresponding surface point with same z value. The variation of the edge is
expressed by the variation of coordinates as follows,

681 C t 682(0 t

ds(c,r) = or = ds1(c, £} + dsy(c, t)k = Z

pt +Z

where, i,k denote the unit vectors along the x and z direction. Substituting Eq.(2.19) into
Eq.(2.14) with 0s1(c,t)/0zp, and sy(c,t)/8zp,, derived from Eqs.(2.17) and (2.18), the
derivatives of the impedance Z,, are expressed in term of the electric field by the following
integrals,

87 ? 2 (tirr — ) (zpe,, — 2p) o (t—tis1) (zp, — 2p,_,)
om o ! i+1 i/ dt E b i Pi—1
Oxp, 7 /—%1 {/T‘x B (Bi1 — ) (tir — t5) de s (b —tiog) (6 — i) duydy,

— 9 —

zk,  (2.19)
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i=1,2, ... (2.20)

OZrm ¥ 2 (birs —t) (Koo — Xpuya) 2 (t—ti1) (%, —Xp)
—_ E i 141 dt E i—1 Pi dt d
0z, o f—%‘l -[1"; T (i ~t5) (b1 — &) + /1";_1 G — ti1) (6 — tiog) ¥

i =23, ne—1 (2.21)

where, the integration along the thickness direction of crack is carried out with the variable
y from —hy/2 to hy/2.

If the crack parameter ¢; was chosen as the step length of the modification along the
normal direction of the crack edge as shown in Fig.2.3, the derivative with respect to this
parameter can be obtained by imposing the point p; move along the normal direction. Thus,
the derivative with respect to ¢; is equal to the partial derivative at the normal direction

n'pi’
%Zf =VZm Ny = %f_:”zm + ?3%::”2?;' (2.22)
Moreover, we only need to choose the point number n, = 4 for dealing with a rectan-
gular crack. In this case, the derivatives with respect to the independent crack parameters . .
(such as, the depth of the crack and the z coordinate of the two ends) can be obtained from

the derivatives of Eqgs.(2.20) and (2.21) using the transform matrix [T] as,
0%\ _ iy | (9% T (07"
3¢5 B axm , aZpi ]

2.4. Extension of the fast forward strategy

(2.23)

Theoretically, the forward scheme developed for predicting ECT signals of a cavity
crack is also suitable for a crack with non-vanishing conductivity if the element with multiple
medial!! is applicable for treating the change of conductivity. However, in case of models
for a natural crack, much more complicated distribution of conductivity may happen in an
element. Even for the two-edge model, different combinations of the edge curves also may
lead to a complex distribution in an element containing part of the crack edges. Therefore,
modifications are necessary in order that the analysis code for a cavity crack can be extended
to the problem of distributed conductivity. In this section, we derive basic formulae for the
fast simulation of the signals coming from the two models separately with the emphasis
placed on the difference with the procedure for a cavity crack.

2.4.1 Formulation for the conductivity model

If we assume the conductivity changing smoothly at the crack region besides the crack
edge, the formulae for a cavity crack can be extended without much modifications. As the
difference between a cavity crack and a crack with non-vanishing conductivity occurs only
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in the distribution of conductivity, we can treat a crack of the conductivity model by taking
this difference into account in the coefficient matrix [K] of Eq.(2.9), the only term possibly
affected by the distribution of oy — o(r). Practically, the conductivity in the formulae for
each sub-matrix of [K] should be considered as a variablel?. Taking sub-matrix [N3] as an
example, it becomes,

(Ne] = [ (o0 = o) VIV, (2.24)

where [N] is the matrix of shape function of FEM by which the potentials are discretized.
The integral in Eq.(2.24) can be simply calculated with use of the Gauss integration by
treating the conductivity as a variable at each Gauss point like,

[Nz] = ; Z Z'wlwmwn (0'0 - U(rlmn))[N(rlmn)][N(rlmn)]T:' (2'25)

Wheré, wgl, Wm, Wy, are the weight coefficients, and ryy,, is the coordinate vector corresponding
to the Inm — th Gauss point.

The derivatives with respect to the coefficients of the wavelet expansion can be derived
with use of the equation given in Ref. [9],[10] by replacing the base function as the scaling
function of Daubechies’ wavelet. Considering the compact support property of the wavelet
function, the integral becomes,

0Zm

aan,h k2

= [ 1L (o o) By, )k ()b sz}, (220

where, Skk, 15 the joint area of the support of the two dimensional wavelet @, i, (2, 2)
= Py (T)Pr ko (2) and the selected zone of crack. The ranges of the subscripts &, and ks,
are the same as those given in Eq.(2) and (3). The Eq.(2.26) can also be calculated by
applying the Gauss integration to each subregion selected according to the resolution level
of the wavelet bases.

2.4.2 Formulation for the two-edge model

The two-edge model is a specific case of the conductivity model. Therefore, the cal-
culation of the pick-up signals can be performed with a similar way like those just stated.
However, as the description of the crack has been modified, a new formulation is necessary
for predicting the gradients. In addition, it is more efficient if we take the features of the
two-edge model into account during the forward analysis as it possibly be separated into
two problems of a cavity crack. This property can simplify the implement procedure of the
derived formulae as the code for a cavity crack is applicable directly. Follows is the basic
formulation corresponding to this idealized model of a natural crack.

For the forward analysis of a crack of the two-edge model, it is easy to find that the
coefficient matrix [H] in Eq.(2.9) has no difference with that for a cavity crack or a crack of
the conductivity model if the analysis region was selected the same. At the same time, in
spite of the effects of crack shapes on the coefficient matrix [K7, this matrix can be derived
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from the coeflicient matrices of two cavity cracks defined respectively by the two edge
curves. Similarly, the gradients with respect to the crack parameters of the two-edge model
can also be derived from the gradients corresponding to the two cavity cracks respectively.

Keeping in mind the property of linear dependence of the coefficient matrix [K] on
the conductivity, we can find that each element coeflicient matrix contained in [K] can be
expressed as the following equation,

K] = Z—;{Kl]e + (U%‘_{)al")"[Kz]e = ay[K1e + (1 — a1)[Kale, (2.27)

where, [K]. is the element coefficient matrix for the cavity crack surrounded by the inner
edge, (K3l is of that defined by the outer edge, and a; = /0.

To calculate the gradient with respect to crack parameters of the two-edge model, we
can apply the formulae for a cavity crack [Eq.(2.20),(2.21] to each discrete point at the two
edge curves, with the electric-field adopted as those calculated using the coefficient matrix
given in Eq.(2.27). Denoting the gradient for the crack surrounded by the inner edge as
8Z,/8b, ; and those defined by the outer edge as 87, /0bg ;, they can be obtained from the
following equatious in addition with a linear coordinate transformation!®,

hf2 (tH-l t) (Zpiss — Zp:)
33313 a 0~/ / [E (twl —t) (i — ) dtdy

2 (t 2_1) (ZP1 sz— )
‘/h/2-/.1 1 MI t — b 1) (t _tz-1) dtdy,
i=1,2, .m0 (2.28)

_ = = 0[ / I tml2 (t"*'l t) ("‘EPI :sz-i-l)dtd
—h/2 JT (i1 — &) (b — 23

/2 -z,

/ f l tm|2 "- 1) (‘IBP:—l xpt)dtdy,
hf2 JT. (tz ~ti1) (t =~ tie1)

t=2,3, N — 1 (2.29)

the actual gradients for a crack of the two-edge model can be predicted by using the following

equations, i.e., for points located at the edge of inner side,

BZm _ ﬂ@Zl,m _ 6Zlm

by oo Oy 351 i

(2.30)

for those at the outer edge,

6Zm _ dg — 071 aZQ’m _
abg{i o [417] 662,3'

(2.31)

In these equations and those at follows, the subscript m denotes the number represent-
ing the order of sampling points of ECT data which is equal to the product of scanning
steps and the number of applied frequency.

For a, the parameter of conductivity, one has,

87, h{2
= 00_/ { s |Em|2¢n,k1k2($: Z)dxdz} dy
2

Oay —h/2
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h/2 :
- 0g f—h/z { 5 |Em|2<I>n,k1k2 (a:,z)da:dz} dy (2.32)

or, _ _
8Zm 0Zpma 0Zmg
8oy - 0y oy
- In case of a crack like that illustrated in Fig.2.3, the expressions of the gradients with
respect to the parameters described in the figure are as follows,

(2.33)

0Zn 01 0Zma _ 82

3b; oo Obr; | X By’ (2.34)
aZm . g1 BZm,z gg — 01 aZm,I _ aZ’m,? 62,11’1
Bbs 00 Obis T oo Obss | N by, (1-a) Bs,” (2.35)
aZ.‘l"l’l, _ 62111,,2 BZm,l
oy - day Jday ’ (236)
i=1,2,3.

On the basis of Eqs.(2.34), (2.35), (2.36), we developed a code for the rapid calculation
of signals and their corresponding gradients for the idealized cracks. The validity of this
approach has been verified by comparing its numerical results with those of the conventional
FEM-BEM hybrid code which has been verified accurate for- ECT problems through a long
term of validations and applicationsh(12), Fig.2.4 depicts a comparison of the impedance
signals calculated by using the FEM-BEM hybrid code and those of the present rapid
scheme. Good agreement is obtained within a much shorter CPU time which, in turn,
verified the validity and efficiency of our new scheme. The small difference comes from the

" adopted different numbers of mesh layers which is difficult to be a large number for the
FEM-BEM code because of the limited computer resources.

2.5. Inverse procedure

According to features of the pick-up signals, it is not difficult to determine an area
where a natural crack possibly exist in the conductor to be inspected. This region then can
be applied for the establishment of the data-bases needed by the fast forward solver. On the
basis of these pre-calculated data, the pick-up signals and the corresponding gradients can
be predicted utilizing the formulae proposed in the last section for a given crack. Therefore,
in order to solve the crack parameters from an inverse problem, we only need to introduce
an algorithm keeping in mind the fact that the pick-up signals and gradients have been
known prior to each iteration step.

As both of the pick-up signals and gradients can be efficiently predicted by using the
fast forward solver, here we choose the conjugate gradient method for the reconstruction of
crack parameters as what has been done in the case for a cavity crack[3M408] The crack
parameters, on the other hand, are chosen as the coefficients of wevelet expansion for the
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conductivity model and the coordinates of discrete points at crack edge in addltlon with
the unknown conductivity for the two-edge model.

2.5.1 A crack of the conductivity model

The objective of the optimization of crack parameters is to minimize the difference
between the observed and predicted pick-up signals. Usually, the square residual of the
observed and the simulated signals subjected to some constraint conditions is adopted as
the object function. For a crack of the conductivity model, the conductivity at the boundary
of the selected crack region is equal to the value of the base material. This condition can
be selected as constraints upon the square residual, i.e. we impose the coefficients of the
discrete expansion to satisfy the boundary condition at points located at the crack edge,

2n-1

fi= Z Z Crky ks (bﬂ,kl (_1)¢n,k2 (zz) =0, (237)
k1=—2N42ks=—2N+2
: 2n 1 _
9 = Z Z an,k1k2¢n,k1(1)¢n,k2 (Zz) == 0; (238)
k1=~2N+42 ka=—2N+2
) 27 —1
hi = E Z U k1 ks ¢n,k1 ($§)¢n,k2 (1) =0, (239)

kBi=—2N+42 ko=—2N42
i=1,2,...2" + 2N — 2,

where, the selected zone of a crack has been transformed into a square region with side
length equal 2 and with its center located at the coordinate original point. The points used
in the above equations, say, (—1, ), (1, ), (z;,1), are equally spaced at the edges of the
square besides that in the side of crack opening. '

These equations are very strong constraint conditions for the procedure determining
the coeflicients of conductivity distribution. This may worsen the condition number of
inverse problem and lead to failure in convergence. A way to avoid this difficulty is to
apply the method of moment, i.e. instead of Eqs.(2.37), (2.38), (2.39), we impose them to
be satisfied from the point of view of a weighted average. By multiplying wavelet bases
gy () (OF Prg,(2)) to the two sides of Eqgs.(2.37), (2.38), (2.39) and taking integration,
the following conditions can be obtained as a weaken form of the constraint conditions,

-1

sz = Z a’n,k1k2¢n,k2(0) = 01 (2~40)
E1=—2N-2
-1
ks = Z a‘n,hkzqsn,kz(l) - 01 (241)
ki=—2N+42
-1
by = 3 GnjukaPnk(0) =0, (2.42)
ko=—2N42

where, the orthogonal property of wavelet bases has been applied.
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The Eqs.(2.40), (2.41), (2.42) can be taking into account in the object function by
using the Lagrange multiplier method as,

E= Wn |[Zm(b) — 7%

’ + Z [(c fi + Bigi + Ashy)| (2.43)

where, Z,,(b} is the impedance signals at m-th sampling point arisen from a crack with a
parameter vector b predicted at the previous step. Z2* is the observed impedance signals
from ECT inspection. Coefficients o, 53;, A; are the Lagrange multipliers that can be treated
with a similar way like that for the crack parameters.

Actually, the reconstructed conductivity at edges of the selected region has no signifi-
cant difference if the selected region is enough large comparing with the true crack. In this
cage, the constraint conditions do not affect the optimization procedure notably. Therefore,
it is reasonable to neglect the effect of these extra terms in the object function if we choose
a larger analysis region.

The coefficient of Conductivity can be determined with an iteration algorithm of the
conjugate gradient method by minimizing the object function (2.43} or that with the con-
straint conditions neglected. However, as we have to reconstruct all the coefficient at each
iteration step, the analysis area at every step must be taken as the whole selected region.
This obviously will result in a large computation burden even for a.conductivity change
localized in a small area.

2.5.2 Reconstruction of a crack of the two-edge model

For the reconstruction of a crack of the two-edge model, the algorithm of the conjugate
gradient method is also valid after some modifications. In this case, we take the object .
function as the residual square again and updating the crack parameters partly along the
direction of gradient vector. In the follows, we give this inverse algorithm with an emphasis
upon the difference with the scheme for a cavity crack!?.

As the first step of the inversion, we need to select an appropriate initial profile for the
crack. This is not difficult as we can simply find a cavity crack who gives an impedance
signal similar to the measured data by using the code developed for an EDM crack. This
procedure is very fast as only discrete points at one edge curve need to be determined.
Using the parameters of the selected cavity crack, the initial values of the two-edge model
can be chosen by, (1} set the outer edge as the same as the edge of the cavity crack just
decided, (2) set the inner crack as that determined by the outer edge and a given band
width, and (3) set the initial value of the conductivity parameter as a value around 0.5.

Comparing with the case of a cavity crack, the most significant difference in the it-
eration procedure is that two types of crack parameter are necessary to be reconstructed,
viz, the size of the crack and the conductivity. It is easy to find that, as the units of these
two types of parameter ate different, the gradient with respect to these parameters may
be very different (even much different order). This will lead to a quite different convergent
speed for these two types of parameter if a normal algorithm of conjugate gradient method
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is applied directly. To overcome this difficulty, here we propose a scheme by improving the
optimization algorithm. The basic ideas of this procedure is that, the updating direction
and step size will be calculated separately for the parameters in different type by partly
using the formulae of the conjugate gradient method.

For the parameters related to the crack size, i.e. the coordinate of the two-crack edges,
corresponding to the modification direction of gradient {8e/db;}, the formula for the step
length af is, '

= Pr/Q7 (2.44)
where,
Zn—l n—1
PP =Re {Z[Z;-l(b,al S DI } (2.45)
- dZr=1 gent |
Q1= %} Z T (2.46)

For step length related to the parameter of conductivity at the band region surrounding
the crack, it becomes,

=P /Q; (2.47)

where,
) a Zn 1 ™ -1
no_ Zn—l obs]* .
P2 RC {;[ m ( ) Z i 60&1 6&1 } (2 48)
ozp ! g1 |?
T — 7L 2
2 ; 8a1 80(1 ( 49)

Based on the formulae above, the iteration equation for updating the crack parameters
can be written as,

n o0 n— a® 0Z, Zn! aZ'n '
{b :al}T:{b ! {ab } + 28 n-—-l} . ) (250)

2.6. Implementation and numerical results

On the basis of the formulae described in the previous sections, two codes have been
developed respectively for the conductivity model and the two-edge model. In this part we
present some typical reconstruction results of these two codes for validating the proposed
method. The feasibility and efficiency of the method related to the two models are compared
finally from the point of view of possible applications to the inspection of SG tubing.

We choose a self induction pancake coil of 100 turns as the probe for ECT inspection
which was winded with an outer radius 1.6 mm, an inner radius 0.5 mm and a thickness 1
mm. The probe is arranged in parallel over the inner surface of tube with a lift-off equal to
1. mm. The excitation frequency is chosen as 400kHz which is a typical one in the practical
inspection of SG tubing. The scanning is performed axially along the crack from -10 mm
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to 10 mm and with the step length chosen as 0.5 mm. These 41 impedance data are used
for the reconstruction of all the crack parameters. As a need of the fast forward solver, two
data-bases are established with the possible crack region selected as a 10 mm x 1.27 mm
x 0.2 mm cubic zone and subdivided into 20 x 8 x 1 cells.

2.6.1 Results for the two-edge model

To investigate the efficiency of the two-edge model, we have implemented the algorithm
at first for the crack parameters described in Fig.2.4. For a crack with arbitrary shape, this
code can be simply extended by changing the number of crack parameters. In order to
validate the algorithm for different type of parameters, the size parameters of the crack are
reconstructed in both the' conditions of a known and an unknown conductivity parameter.
The results show that, the modified scheme of the conjugate gradient method can give
satisfactory reconstruction even for the case with different types of parameter.

Fig.2.6 depicts a comparison of the impedance signals arisen from a reconstructed -
crack and the simulated impedance which we used as the observed data. The true shape
of the crack, as shown in Fig.2.7, is assumed to be an inner one with a maximum depth
equal to 50% of the tube thickness. In this case, the conductivity parameter o at the
6onducting band region was taken as a known value (=9.5). Excellent reconstruction results
are obtained in this case though the convergence speed is not-as fast as the case of a cavity ..
crack. The results shown in Fig.2.6 and Fig.2.7 are obtained at the 300-th iteration. The
CPU time used is about 3 hours on a personal computer(Gateway GP6-333).

Fig.2.8 and Fig.2.9 shows another reconstruction results for a crack with an unknown
conductivity after 300 iterations. The reconstructed conductivity parameter is 0.102 for
a true value of 0.1. In this case, we chose the initial conductivity as half of the base
conductor and start the iteration from the initial crack size predicted by using the code for
a cavity crack. The modified algorithm was adopted to update the two types of parameter
respectively. Very good convergence result is found again for both the shape parameters
and the conductivity. From the satisfactory reconstruction results given here, we come to
a conclusion that the reconstruction of crack parameters of different types is possible.

Comparing with the reconstruction of a cavity crack, the iteration number of the present
method is much larger for a similar accuracy (over 10 times). This decrement of conver-
gence speed is considered caused by the greatly increased number of local minimum. In
other word, the signals from different set of parameters may be very similar although the
parameter is much different. This leads to that the step size of updating becomes a small
value. From this point of view, more effort is necessary in the near future to accelerate the
convergence in order this method possibly to be applied more efficiently in the practical
data processing.

2.6.2 Results for the conductivity model
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In Fig.2.10 and Fig.2.11, the reconstructed results using the conductivity model are de-
picted. The iteration number and CPU time corresponding to these results are respectively
100 and over 16 hours on the same personal computer. The significantly increased computa-
tional work is caused by the large number of unknowns, as field at the whole selected crack
region must be solved at each iteration. In addition, the large number of crack parameters
also enlarges the computation burden for estimating the gradient vector. In these results,
the resolution level was used as 4 and the index of the Daubechies’ wavelet was chosen as 5.
The true profiles of the crack is the same as that described in the Fig.2.9. One can find the
shape of the crack approximately from the estimated distribution of conductivity given in
Fig.2.10. However, the jump of conductivity at the crack edge has not been recovered well.
This means that it is not very efficient of the conductivity model to reconstruct a crack
with an abrupt conductivity jump without much more iterations. This is because that, even
for an impedance signal very similar to that arisen from the true crack, the corresponding
conductivity may show much bigger error comparing with the true distribution.

Comparing with the results of the two-edge model, reconstructing conductivity directly
is obviously not efficient and accurate especially for a crack with a conductivity jump.
Therefore, for the reconstruction of a SCC in SG tﬁbing, using the two-edge model is
reasonable. | |

2.6.3 Effect of random noise

To consider the robustness of the present inverse scheme, the reconstruction is under-
taken with observed data added by artificial noise in this part. By adjusting the maximum
value of the noise component, we find that the new inverse scheme can give acceptable
estimation of crack shapes even for signals with 20% noise.

In calculation, the observed ECT data Z*®* was generated with the following formula
which combines the simulated ECT data Z*™ with a white noise,

75 = 75 + o 25 b, (251)

where, a is the proportion of the noise in the whole signal, £, is random values within
[-1.0,1.0] and is generated by a short computer code of the white noise, |Z%™| is the
maximum value of the simulated ECT data.

In Fig.2.12 and Fig.2.13, the reconstructed crack shape and impedance signals are
compared with the true ones. In this case, the true crack is selected the same as that utilized
in Fig.2.8 and Fig.2.9 again. 5% white noise was added to the observed signals. It is easy
to find that, although the reconstruction precision is not as high as the case without noise
included, satisfactory crack parameters are obtained with a similar computational burden.
The reconstructed value of the conductivity is 0.144 with the true value used as 0.1, the
same as the case of Fig.2.8 and Fig.2.9. Fig.2.14 and Fig.2.15 depict the reconstructed
crack shape and impedance signals in case of 10% noise. Satisfactory crack parameters are
predicted again within a similar computational time.
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2.7. Conclusions

In this paper, by proposing new models for a stress corrosion crack and extending the
inverse scheme of a cavity slit, the reconstruction of an idealized natural crack with non-
vanishing conductivity was successfully realized at a personal computer. The simulation
results depicted that the model with two edges and unknown constant conductivity is better
than the conductivity model in efficiency and more suitable for the practical problems. By
performing reconstruction with use of signals containing artificial noise, the new approach
was demonstrated both robust and feasible for predicting profiles of the idealized crack
model. More work is necessary for investigating the efficiency of the present method for a
measured signal and for the problem with an unknown position of crack plane.
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Chapter 3

Experimental Study on the
Correlation of Natural
Magnetization and Mechanical

Damages

3.1. Introduction

Recently, it was found that a magnetization occurs in the vicinity of a fatigue crack even
in an environment without any external magnetic field (excepting the field of the earth) for
the austenitic stainless steel of SUS304 type and some other normal carbon steels[1],[2]. The
reason of such a phenomenon is considered as an effect of the magnetic property alternating
that may arise from the mechanical damage and may result in an leakage of magnetic flux
without applying external exciting field (hereafter, we call it a natural magnetic field)[3],[4].
This phenomenon shows a possibility to identify the mechanical damages by detecting the
natural magnetic leakage flux. An obvious merit of such method is that the noise arisen
from the surrounded structural component will not appear as there is no need to magnetize
the material. A quantitative evaluation of damage is also possible if the correlation of the
magnetizations and the local damage state is clarified.

In view of the background stated above, the correlation of mechanical damages and the
corresponding natural magnetization is investigated in this work by detecting the leakage
flux density nearby the surface of a test-piece in which mechanical damages are introduced
by using a tension or a fatigue testing. An advanced film type flux-gate (FG) sensor[5],
which is efficient for a weak static field, is applied in the experimental system for measuring
the natural magnetic field that is usually in a same order or even less than the magnetic
field of the earth. The natural magnetic fields are measured both during the mechanical
testing (in-situ) and after unloading (off-situ). In practical, the experiment is performed in a
procedure as follows: at first, the phenomenon of the natural magnetization is demonstrated
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for SUS304 stainless steel by using standard test-piece and tensile testing. Then, the
magnetic flux leakages were measured during and after the tensile testing for the same
kind of test-piece under cyclic tensile loading in order to investigate the correlation of the
natural magnetization and damages of plastic deformation. To evaluate the possibility
of the damage status inspection for a key structure component in practical environment,
signals of the magnetic leakage flux are measured during the fatigue testing. In this case,
the distribution of the leakage magnetic field is measured at selected loading step numbers
in an ofl-situ state for studying the evolution of damages at different fatigue stage.

On the other hand, though the flux leakage method is considered efficient for the ferro-
magnetic material, there is still no report for its application to the nonmagnetic/paramagnetic
materials [3]. To clarify this question, the magnetic properties such as the residual magnetic
field of a damaged material need to be known. As such measurement can be performed
with the same experimental setup by just adding a magnetizing procedure (for instance,
using a permanent magnet), this is also chosen as a testing subject of present experiment.

3.2. Experimental Issues
3.2.1 Test material and test-pieces

Aiming at application of the new flux leakage method to the NDE of structural compo-
nents of new generation nuclear power plants, e.g. a plant of Fast Breeder nuclear Reactor
(FBR) or that of the thermal fusion reactor (for instance, ITER), the stainless steel of
SUS304 type is chosen as the target material to be inspected in this study. In order to
perform zero-tension fatigue testing, a standard button type CCT test-piece[6] is select-
ed considering the condition of our material testing system. 24 test pieces are fabricated
from a raw material plate with the test-piece axis in parallel with the rolling direction. The
present material is being used in the experimental FBR plant MONJU for taking advantage
of its high performance in a high temperature environment. The chemical composition the
material and the shape of the test piece is shown in table 3.1 and Fig.3.1 respectively. The
gauge region is the central part of the test piece that is in a plate geometry and sized 40
mmx20 mmx5 mm. For several test-pieces, through central notches (3 mm x 0.3 mm slit
or hole with 0.3 mm diameter) are fabricated by using the EDM technique for guarding the
position of crack initiation. The location of the central artificial crack is illustrated in the
Fig.3.1 by taking a slit as example. Concerning the compress loading in the fatigue testing
at both room temperature and 650°C, the thickness of the test-piece is selected as 5 mm,
i.e. a relative short and thick geometry is chosen for preventing buckling.

Table 3.1 Composition of the SUS304 A3 material (wt%)
C Si | Mn P S Ni | Cr

0.05 | 0.55 { 0.82 | 0.021 | 0.003 | 8.78 | 18.38
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To measure the distribution of the macro-strain that is necessary for investigating the
damage-magnetization relation, 2 sets of grating lines in a pitch of 0.08 mm have been etched
to a 30 mm x 20 mm region on one of the planar surface of the test-piece for producing
fringe pattern that is necessary in the moire method for the strain calculation[7],{8]. The
grating lines are etched only with a 3 pm depth, which allows the strain measurement
being performed without affecting the distributions of the strain and the magnetization. A
glass grating mask is also made with use of the same grating pattern used for the test-piece
surface. A fringe pattern will appear once this standard grating mask be overlaid on the
surface of a deformed test-piece.

3.2.2 Measuring Method and Experimental Set-ups

a). Measurement of the magnetic field

To measure the magnetic leakage flux density induced by the mechanical damages, a
sensor valid for small and static field is necessary. The Hall effect sensor is not feasible in
this case as it can not work even in the measurement of the magnetic field of the earth. A
SQUID (superconductor quantum interference device) is a very sensitive equipment for the
weak magnetic field. Unfortunately, the necessity for a magnetic field shielding and the low
space resolution protect this device from to be applied to the present subject. On the other
hand, a conventional flux-gate sensor that has a sensitivity between the sensors mentioned
above also has a drawback of low space resolution.

Recently, a new kind of FG sensor has been developed by the Shimatsu Corporation
based on the photolithography technique. The film sensor is in a square shape with a side
length about 1.0mm. The sensitivity of this sensor is about 0.0001Gs that can answer the
needs of present application. The principle of the FG sensor can be described simply as
follows: _ 7 _

As shown in Fig.3.2, the sensor consists of a core, an exciting coil, and 2 pick-up coils.
The pick-up coils are connected in a differential way that makes the output signal becomes
zero if no any external field presented. Once the sensor is set into a magnetic field, the
balance of the two pickup coils will be disturbed, viz., one of it will change to V + AV and
the other becomes V — AV where the AV is proportion to the magnetic field component
shown in the Fig.3.2. Consequently, a signal of 26V will be read that depends on the
intensity of the external magnetic field linearly if the frequency is not too large.

From the principle described above, one may worry about the effect of the exciting field
of the sensor on the magnetic field of the test-piece as a residual field possibly to be caused
in a magnetic object when an exciting current moves over it. Fortunately, considering the
fact that the excitation magnetic field is small and mainly concentrated in the ferrite core of
the sensor, the effect from its leakage can be neglected for the problem we are dealing with.
This fact is demonstrated when we perform a scanning near a surface of a demagnetized
test-piece in which a slit exists. In fact, there is no significant perturbation detected near
the slit. Therefore, omitting the effect of the exiting field is reasonable.
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b). Measurement of the macro-strain distribution

As well known, the optical method is effective for the measurement of the strain dis-
tribution though it may give a lower precision than the method using a strain gauge.
Considering the objective of the present experiment, say, investigating the homogeneity
of the strain distribution during a simple tensile testing for the test-piece stated above, a
method using moire fringe pattern is chosen.

The principle of the moire method is simple. At first, 2 sets of fine grating lines are
printed on the surface of the test piece before deformation and the same grating lines are
also printed on a standard glass mask. A fringe pattern will appear when the standard
grating mask is overlaid on the deformed test-piece and the strain can be calculated by
using the following formula,

18N, 10N,
== T oy (3.1,3.2)
18N, 106N,
Ty — + - 3.3
Y= 8 T,y (8:3)

where, f: = M;/L;(lines/m) with M, the total number of the grating lines in the z
direction, L, the length of the grating region in the z direction and the same for the y
subscript case. The sensitivity of this method depends on the pitch A of the printed grating
lines as the minimum strain detectable is 1/M. Though the numbers of the fringe lines
N, N, are integer values, it can be treat as real variables by using. a proper interpolation
method.

For practical testing, the fringe patterns are caught after unloading the test piece unlike
the situation shown in the schematic diagrams of Fig.3.3 concerning the difficulty of the
in-situ measurement. The image of fringe patterns is converted into digital data through a
CCD camera of 500,000 pixels and a high speed image board, and the strain distribution is
calculated with a data processing code based on the formulae above on a personal computer.
The setup of the moire method system is shown in the Fig.3.4 where the test-piece and
glass mask (standard grating) is set on a specially designed instrument which can ensure
the relative position and orientation of the glass mask and the test-piece which is important
for enhancing the measuring accuracy.

c). In-situ measuring system of magnetic field

Fig.3.3 shows a flow-chart of the in-situ measuring system. 6 film type flux-gate sensors
are set to the measuring point by using a specially designed instrument, which fixed at the
topside of the test-piece as shown in Fig.3.5 to detect the magnetic field change during the
tensile and fatigue testing (in-situ). A Shimatsu material testing machine (No AF-40) is
applied as the mechanical loading system. The load limit of the machine is 5 ton and the
maximum stroke is 50 mm. The sensors are fixed to the upper side of the test piece that does
not move during both the tension and fatigue testing. The location of the sensors related
to the test piece is shown in the Fig.3.6 and the lift-off of the sensors is taken as about 0.5
min by adjusting the micrometer of the fixing instrument. The location of the sensors can
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also controlled by using another 2 micrometers, in other word, the fixing instrument allows
the sensors to be arranged to any space point (of-cause the moving area of the sensors is
limited considering the range of the micrometer). Though the fixing instrument allow the
sensors to be set for measuring both the component in-plane and that perpendicular to the
plate surface, we choose the in-plan component to measure as it can be performed with a
smaller lift-off. The output of the sensors are transferred to the computer with use of a
special amplifier and a data acquiring system called Thermo-Wave. The post processing
of the measured data is performed on the personal computer using commercial codes and
that specially developed during this study.

d). Off-situ 2-d scanning system

The distribution of the leakage magneti.c field is measured off-situ by scanning the
unloaded test-piece on a x-y stager. The experimental setup is shown in Fig.3.7. After
magnetic field measurement, the plastic deformation is measured by catching the moire
fringe patterns.

The scanning area is selected as a square region with side lengths of 30 mm. Being
the same with the case of the in-situ measurement, the lift-off is chosen as 0.5 mm for the
scanning of the horizontal components. In the case of the vertical component measurement,
the practical lift-off is larger than the distance between the sensor and the test-piece surface
considering the size of the sensor itself. The scanning path is like that shown in Fig.3.6 but

~with the pitch in the z direction chosen as 1 mm. As the stager is not an automatic one,

the movement of the stager needs to be driven by hand with a screw system. The pitch
along the axial direction of the sensor is not a constant that can be determined from the
speed of the scanning and the sampling system. The flux density at the data point with
pitch of 1 mm both'in the = and y directions are obtained by interpolating the measured
data numerically.

e). System for magnetizing the test piece using a permanent magnet

To investigate the residual magnetization property of the test piece during a cyclic
tensile testing, the test piece needs to be demagnetized/magnetized at each loading cycle.
Magnetizing the test piece under the same conditions is necessary for realizing the research
objective. Considering this requirement, the following magnetizing procedure is chosen
that enable the the difference of the residual field due to the magnetizing system to be
minimized.

At first, the test piece is set to the instrument that is designed for the position control
in the strain measurement (the moire method). The instrument then was put on the table of
the x-y stager with the center of the test piece coincided with that of the permanent magnet
but with a different z coordinate. This operation is used to ensure the setting instrument to
be set at the same location for each magnetizing step, which can be realized by adjusting the
permanent magnet first to the center of the test-piece and then moving off perpendicularly
to a position far away. Before each loading step, the test piece is demagnetized and arranged
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to the same position of the instrument referring the counter of the equipped micrometers.
Setting the instrument to x-y table at the position determined in the first step (according
to the marks made on the table of the x-y stager), the relative position of the magnet and
the test-piece can be ensured with a high accuracy. For magnetizing the test-piece, the
permanent magnet is moved downward at first to a position touching with the test-piece
surface, and then set to a 50um lift-off. The permanent magnet is moved then in a path of
(z,y) = (0 mm,0 mm) — (0 mm,-20 mm} — (0 mm,20 mm) — {0 mm,0 mm), and finally
moved up vertically to a far position. Though the magnetization is not uniform for this
magnetizing method, the residual field does not change a lot for different magnetizing step
if virgin test-pieces are used.

In this work, a permanent magnet consisting of 3 cylinder magnets (length: 3 mm,
diameter: 5 mm, B, ~ 0.1T) is employed. The axis of the magnet is set in parallel with
the axis of the test-piece. The setup of the magnetizing system is shown in Fig.3.8.

3.2.3 Experirﬁental Procedure

The number of the utilized test-pieces and their testing conditions are summarized
in table 3.2. The test-pieces are demagnetized by using an electromagnetic demagnetizer
(Hozan HC-21) before setting them to the material test machine. Strain control is applied
for all the tensile and fatigue testings. In case of the tensile testing, the flux density at
the central part of gauge region is in-situ detected while the distributions of the leakage
magnetic field are measured on the x-y stager after unloading the test-piece. For the test-
pieces of number NDT14 and NDT12, they were unloaded after each Emaz (See Table 3.2)
was reached for magnetic field distribution measurement with the 2-d scanning. In case of
the fatigue testing, the in-situ measuring of the magnetic field is performed with the sensors
set at the same locations used in the tensile testing for all the loading cycles. However,
the 2-d scanning for the distributions of magnetic field is performed only for the test-piece
that was unloaded at given cyclic number. Once a crack initiated, the fatigue testing can
be stopped automatically according to a threshold minimum loading value set beforehand.

The measurement of the 2-d distribution of the strains is only performed for the test-
piece NDT14 and NDT13. The unloaded test-piece is set to the specially designed in-
strument, and the glass mask is overlaid. The moire fringe patterns were taken into the
computer and the fringe line information was extracted by processing the obtained image
data i.e. calculating the discrete values of the Ny(z,y), Ny(z,y). The strain is calculated
then by using a code based on the Eq.(3.1) and Eq.(3.2). This procedure is carried out for
each loading step listed in the table 3.2 for NDT14. The results show that the strain mea-
sured by the push type strain sensor agrees well with that obtained by the moire method,
which in turn shows that the local concentration of deformation is not significant for these
two test—piéces and loading patterns.
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Table 3.2 Measured fest-pieces and their test conditions

No. of Test-Piece { Central Notch Experimental Conditions
ndt2 no slit Emaz = 3%, 6%, 9%, Loading speed 0.01%/sec
ndt21 slit Emaz = 3%, Speed: 0.01%/sec
ndt14 no slit 0.2%, 0.5%, 1%, 2%, 3%, Speed: 0.01%/s
ndt12 no slit 0.2%, 0.5%, 1%, 2%, 3%, 6.0%, Speed: 0.01%/s
ndt21 slit Range: + 0.25%, Speed: 0.1%/sec, N=1, ~ 940
ndt20 slit Range: & 0.25%, Speed: 0.1%/sec, N=1, ~ 980
ndt14 no slit Range: + 0.25%, Speed: 0.1%/sec, N=1, ~ 4600
ndt13 slit Range: + 0.25%, Speed: 0.1%/sec, N=1, ~ 63000

3.3. Experimental Results
3.3.1 Results of the tensile testing

a). Measuring results of the flux density

Fig.3.9 shows an in-situ measuring result for test-piece NDT2 during a tensile testing
from 0% to a maximum strain of 3%. The test conditions are listed in the table 3.2
where 3%, 6%, and 9% mean that the test-piece was unloaded after total strain 3%, 6%, 9%
was reached respectively. " The results shown in the figure is the case during the tension
to 3%. From this result, it is clear that the magnetizations have occurred in the gauge
region. As the test-piece was demagnetized before the tension and there is no external
magnetic field changed during the testing, such a magnetization is obviously caused by the
applied deformation or loading. On the other hand, though small magnetic fields have been
detected at the elastic period, the magnetization increases much faster when plastic strains
occurred, and saturate at last when the plastic deformation getting too large. In addition,
the magnetization did not disappear after the loading was released. These results tell us
that the magnetizations arise from the plastic damages but not from the effect of inverse
magnetostriction. Fig.3.10 shows the in-situ measuring results for the NDT2 test-piece
during tension from 2.8% (the residual strain of the first tensile testing) to 5.8%. It is clear
that the change of the detected flux density is much smaller than that happened for the
virgin material test-piece, or in other word, a saturation has happened in this case.

To investigate the property of the magnetization distribution, the 2-d distributions
of the leakage flux density have been measured after unloading the test-piece. Fig.3.11
gives the distribution of the B, component of the flux leakage at a plane 0.5 mm over the.
test-piece surface (lift-off 0.5 mm). A large magnetic leakage can be found at the bottom
side of the test piece that shows a valley pattern inclined with the axis of the test-piece.
This phenomenon associates us with a possibility of a global plastic slipping i.e. Ludas
band. In other word, as we consider the magnetization arises from the damages of plastic
deformation, more plastic damages may exist in the bottom side of the test-piece. To
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investigate the damage state of this test-piece, small samples are cut out from the unloaded
test-piece after the 3rd tensile cycle (from £,=5.55% t0 €,,05=8.55%). As a resuli, it was
found that the number of slipped grains at the bottom side is about 2 times over comparing
with that at the topside. The detail observing results of the microstructure will be given
in the following subsection.

Fig.3.12 depicts the B, distribution of the test-piece NDT2 unloaded after maximum
strain 5.8% was reached. One can find that there is no much difference from that shown in
the Fig.3.11. ‘This result agrees with the conclusion obtained from the in-situ measurement,
i.e. the magnetization did not change much for the plastic deformation of a high level as a
result of the saturation.

If the peaks of the flux density detected at the bottom side of the test-piece is a result
of the slipping lines, the distribution of the magnetization at the tips of the slit after a
tensile testing is of interesting for the verification of this conjecture. For this purpose, a
tensile testing was applied to the test-piece NDT21 with the maximum strain selected as
3%. Fig.3.13 shows a in-situ measuring result of the B,. Comparing with Fig.3.9, it is
obviously that the detected flux density is much smaller than that of the case of NDT2.
In addition, the distribution of B, did not show significant difference in the vicinity of
the crack tips. This result can be explained as that, though there is local slipping near
the tips of slit, the magnetization did not change a lot because the slipped grains did not
gather in same direction like the case of the test-piece NDT2 (the difference of the local and
global slipping). This difference may comes from the the loading history, the geometry of
the test-piece or the random property of the material grains. From this point of view, the
assumption that a global slipping can led to a large magnetization does not conflict with
this experimental result.

b). The microstructure of the test-piece NDT2 after large tensile deformation

As mentioned in the previous subsection, small samples are cut out from the test-piece
NDT?2 from selected positions as shown in Fig.3.14. For all the samples, observations using
a normal optical microscope are performed at first. In the Fig.3.15, the microstructures at
positions along the central line of the test-piece (top side, bottom side and in the button
region) and at the edge of the test-piece (top side and bottom side) are given. No much
difference was identified in the volume fraction of the § ferrite phase at the top side, bottom
side and at the button region (virgin materials). However, content of the ferrite phase is
different at different rolling lines (the volume fraction at the central site is larger than that
at the edge part) for the test-piece NDT2. Therefore, though the ¢ phase exists for a virgin
SUS304 material, its volume fraction is not so large (less than 1%) and may not be uniform.

To investigate the difference of the microstructure between the top side and the bottom
side of the test-piece NDT2, a scanning electronic microscope (SEM) is also utilized in the
observations of the samples mentioned above. Fig.3.16 shows images of SEM for 2 samples
taken from the top and the bottom of the gauge region respectively. It is clear that local
slipping have taken place at many grains. The slipping lines are in two patterns crossed each
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other with a slipping angle of about £25°. For considering the effect of the local slipping,
the numbers of the slipped grains at the samples of the top side and the bottom side were
counted under an optical microscope. Table 3.3 gives some results about the number of the
slipping grains. The number at the bottom side is about 2 times over comparing with that
at the top side.

Table 3.3 Comparison of the number of the slipped grains

Region Position Number of locally slipped grains
Bottom side | edge site 32
(peak region) | central site | 71

Top side edge site 16
(weak region) | central site 36

Considering the nonmagnetic property of the austenitic phase in the SUS304 material,
slipping lines shall not result in a natural magnetization directly excepting those occurred
in the grains of § phase. However, as the magnetic field is-much larger at the bottom
side where slipping lines have a higher density, some magnetic phase may nucleated in the
austenitic area, say, a martensite transformation may occurred[9]. To conform this conjec-
ture, a higher resolution observation is also performed by using a transmission electronic
microscope (TEM). Fig.3.17 shows an.example of the TEM images at the bottom side of
the the gauge region. From IFig.3.17(a), one can find some special zones (black. region) -
appeared at the positions where 2 sets of slipping lines cross each other, Fig.3.17(b) is a
zoom in image of this special zone. Fig.3.18 gives the x-ray diffraction images at these
positions. It is clear that the special zones in the Fig.3.17 are martensite phase as they
have a bee crystal structure. This means that the martensite transformation is a practi- -
cal phenomenon for SUS304 material even under a simple tensile loading and at a room
temperature.

¢). The results of the moire method

From the results described above, it is possibly that the natural magnetization is mainly
caused by concentrated plastic deformation such as the effect of the ludars band. However,
it is not easy to understand the local concentration of deformation for the present testing
conditions as it is approximately a plan stress problem if the affect of the gra.ln size and
the thickness of the test-piece can be omitted

To investigate the correlation between the magnetizations and the macro-strain, the
distribution of the strain is measured by using the moire method as described previously.
A typical fringe pattern for the test-piece ND'T14 unloaded after the tension to maximum
strain of 4.4% is shown in the Fig.3.19. From this figure, it is difficult to find that a
concentrated deformation has occurred during the tensile testing. Actually, the results
from the moire method agree well with that measured from the push type strain sensors as
shown in table 3.4. Other measurement results of the NDT14 after cyclic tensile loading
and those of NDT13 after fatigue testing support this assumption. On the basis of these
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results, one can not deny the possibility that a global slipping may led to a large natural
magnetization. Actually, the flux density for the test-piece NDT14 and NDT13, in which
no local deformation is found, is also very small. However, even for this case, the occurrence
of the magnetization has also been verified.

Table 3.4 Comparison of the strains measured by the moire method and the strain sensor
Moire method | 0.35% | 0.91% | 2.05% { 3.52%

Strain sensor | 0.36% | 0.95% | 2.19% | 3.78%

Fig.3.20 and Fig.3.21 depict the in-situ measuring results of test-piece NDT14 during
tension with strain range 0.08% ~ 0.5% and 0.35% ~ 1.08% respectively. The magnetiza-
tion has been induced again though it is much smaller than that of the test-piece NDT2.
However, the magnetization is in the same order with that measured from the test-piece
with a central slit (NDT21). In other word, the magnetization in a small magnitude can
be induced even in case that there is no global slipping band occurred. In this case, this
magnetization can be considered as a result of the anisotropy in the § phase grains of the
SUS304 material that may be caused by the dislocations and other mechanical damages
from the plastic deformation.

3.3.2 Results of the Fatigue Testing

a).The results of the test-piece with central slit

To investigate the affect of a fatigue crack on the natural magnetization, zero tension
fatigue testings have been performed for the test-piece NDT21 (with a residual strain of
about 2.8%) and NDT20 (virgin mdterial). The testing conditions listed in- the table 3.2
were applied at a room temperature. For the test-piece NDT21, through fatigue cracks
of about 3mm were initiated after about 900 cycles at both the two tips of the central
slit. The distribution of the flux density B, measured after unloading is shown in Fig.3.22.
From the figure, it is easy to find that a significant magnetic field signal was detected at the
vicinity of the fatigue crack. On the other hand, fatigue cracks of about the same length
also have been initiated at the tips of slit after about the same cycles for the test-piece of
virgin material. The distribution of the flux density for this case is given in Fig.3.23, from
which one can find that the magnetizations are induced again nearby the fatigue cracks.
Comparing with the results shown in the ¥ig.3.22, the magnetization for a virgin material
test-piece is smaller than that of the test-piece with a residual strain. Based on these
results, one can concliude that a fatigue crack in a SUS304 structure component can be
recognized nondestructively by monitoring the leakage signal of the natural magnetic flux.

b). Magnetizations near the fatigue crack

Visualizing the distribution of the magnetization at vicinity of the crack is important for
investigating the principle of the magnetizing procedure and is also necessary for validating
the code for inverse analysis, which is necessary in the prediction of the magnetization
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distribution in the material from the measured flux density signals. As a jointed study of a
research committee of the JSAEM named “the research committee for the electromagnetic
tracture and its application to the nondestructive evaluation”, the feature of the material

~nearby the fatigue crack was investigated by observing the surface magnetization with a
magnetic colloidal method and by observing the surface distribution of the magnetic grains
using the magnetic force microscope (MFM) for samples cut from the central part of the
test-piece ND'T21. The work was performed by the group of prof. Nakasone of TUS (Tokyo
University of Science) with cooperation with groups at the national institute of metals of
STA and the Mechanical Engineering Laboratory of the MITI Japan. Fig.3.24 shows a
result of the colloidal method where the distribution of the magnetization in the vicinity
of the fatigue cracks is illustrated [10]. From the figure, it is clear that the magnetizations
mainly localized nearby the edge of the fatigue crack. In other regions including the region
near the central slit, the magnetization is not significant. This result agrees with the
prediction of the inverse analysis summarized in the first report of this work [11] and the
inversion results of the measured data using a neuronetwork approach [12].

To investigate'the distribution of the magnetic phase in the material near the crack, the
MFM [10],[13] was used to visualize the microstructure at the test-piece surface and in the
material. The measurements were performed after the interested region being cut out and
polished by mechanical means. In order to reduce the affect of the mechanical machining,
a further chemical polishing is also carried out. Fig.3.25 shows the position of the selected
areas of the MFM scanning and Fig.3.26 gives a typical MFM image near the crack edge
in case without chemical polishing. It is easy to find that, unlike the image obtained in
the region far from the crack region, a maze like magnetic domain structure is clearly
obstrvable. This resuit tells us that even for the paramagnetic material like SUS304 steel,
a magnetic domain structure is also possﬂaly exist when fatigue damages was mtroduced
or in other words, magnetic phase is possibly transformed to a high volume fraction in
the vicinity of crack. However, as the maze like magnetic domain is usually considered
as a result of the mechanical polish, a chemical polishing is also applied for observing the
real structure of magnetic domain induced by the mechanical damages. Fig.3.27 depicts
a result of MFM observation for the same area shown in the Fig.3.24 for the test-piece
after chemical polish. A cross slipping line system can be recognized in this figure, and a
relative high force region can be found at the cross point of these slipping lines. This result
agrees well with the observation result of the test-piece with tensile deformation, i.e., the
martensite transformation is caused by the mechanical damage (slipping) at the region of
the crack occurred during the crack propagation. As there is no similar magnetic domain
structure was verified at a position far from the fatigue crack, one can consider the plastic

deformation induced martensite transformation may only happens for a plastic strain of a
high level.

c). Fatigue testing results for test-pieces without slit
For clarifying the evolution of the magnetization before the crack initiated, test-pieces
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without central slit are also applied to the fatigue testing. Unlike the experiment of the test-
piece NDT21 and NDT20, the in-situ signals during the fatigue testing are also measured.
The introducing of a high accuracy A/D converter makes this possible as the data acquiring
system used for the NDT21 and NDT20 is a relative old version one which has a precision
even smaller than the magnitude of the natural magnetic field signals.

For test-piece NDT14, which has been applied in the cyclic tensile testing as described
in subsection 3.1(c), the fatigue testing was terminated automatically at a cyclic number of
about 4600 as the test-piece broken at a unexpected position (the top of the planar region
where a small initial defect happened due to a failure in the fabrication of the grating lines).
Therefore, the behaviors of the magnetization during crack initiation has not been caught.
Fortunately, this defect is not fatal for the result of the tensile testing described in the last
subsection as the defect is not significant and is far from the gauge area. Fig.3.28 shows a
typical wave form of the detected flux density signals at the starting period of the testing
with a comparison to that of the test-piece NDT13. The magnetic field changes with the
oscillated deformation in the period of the applied loading (strain) though a phase different
between them and a double period component can be recognized.

In case of test-piece NDT13, the fatigue experiment was performed successful until a
fatigue crack initiated in the gauge region though it is not at the central area. The testing
was suspended at cyclic numbers of 2000, 4000, 7000, 10000, 13000, 16000, 19000, 37200,
and 54300, and the distributions of the flux density B, were measured at these cyclic
numbers for the unloaded test-piece that was performed carefully in order to terminate
the testing at a state of zero strain (the strain monitored by the push type strain Sensor).
There is no significant magnetization change was conformed in the distribution of magnetic
field in these 2-d scanning. This means the damage induced magnetization is smaller the
the environment noise at least. Consequently, detecting the damages state before crack
initiation is difficult by scanning natural magnetic field without using a shielding or other
means for enhancing S/N ratio. After restarting the fatigue testing from cyclic number
94300, the test machine was stopped at eyclic number 63007 automatically as threshold
value of the minimum loading was reached. After unloading, a tiny surface crack of about
2mm long was observed at the upside of the test-piece. In this case, a little perturbation
can be distinguished in the distribution of the magnetic field though it is much smaller than
that of the case of NDT21 and NDT20 (Fig.3.29).

Fig.3.30 shows the {ime history of some typical signals detected from the test piece.
NDT13. At the beginning of the testing, a relative large magnetic field change was found
in its direct component. However, this change was saturated at about 10 cycles though a
change at the amplitude of the magnetization wave can be identified. To show the phase
change of the magnetic field signals and that of the strains, the hysteresis curves of the
measured magnetic field signal are plotted versus the applied strain and stress referring
the method used for fatigue detection based on the magnetostrition penomenon[i4]. As
examples, Fig.3.31 shows the hysteresis curves at the cyclic number of 10, 620, 3700, 7000,
19000 and 63000 versus the applied strain and Fig.3.32 shows those versus the applied
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_ loading (stress). From Fig.3.31, it is easy to find that the area of the hysteresis curves
increased with the increasing cyclic number. In the curves just given, the affects of the
noise was reduced with a simple filtering operation, i.e., the high frequency noise is reduced
by taking the signal as the summation of the neighboring sampling points (5 points were
used) and the low frequency noise was reduced by just summing up the signals with those
at the neighboring periods.

Comparing the signals of the virgin test-piece with that obtained from the test-piece
with residual strain, one can find that the main different is the wave form (Fig.3.28). The
peak value due to the tensile load is obviously smaller in the case of the virgin material.

3.3.3 Results in case with a magnetizing procedure

The results described in the previous sections are data for natural magnetic field. It is
found that the field value is not large if considering its application to the damage inspection.
In other word, though the method using natural magnetic field can be used to identify the
fatigue cracks and even possibly to be used for its classification and sizing, the inspection
of the damages is no éasy as the signal is in a same order with the magnetic field of the

~earth and even smaller: This means that the noise at a practical environment may makes
the signals of 2-d scanning being polluted and may led to a unbelievable inspection result.

Instead of applying the natural magnetic field to evaluate the damage status, anoth-
er possibility is to measure the magnetic coefficients of the deformed material like what
has been done for the magnetic materials 3], i.e. to detect the damage in the nonmagnet-
ic/paramagnetic material with a similar way with that used for the ferromagnetic materials.
For, this purpose, the magnetic property of the test-piece ND'T'12 with different plastic dam-

- 'ag'es was investigated by using the same loading procedure with the test-piece NDT14 and
the magnetizing method described in the previous section. In practical, the test-piece was
demagnetized at first, and a permanent magnet was used to magnetize the test-piece then
with the procedure described in subsection 2.3(e). The leakage magnetic flux of the mag-
netized test-piece was measured before setting it to the loading system. - Having applied
strains to a maximum value listed in the table 3.2, the test-piece was unloaded and the
distribution of the magnetic field was measured again. This procedure then was repeated
for each tensile cycle of the NDT12. From this experiment, the behaviors of the magnetized
test-piece under tensile and fatigue loading, and the evolution of the residual magnetic field
for different plastic damages can be obtained.

Fig.3.33, Fig.3.34 and Fig.3.35 show the distribution of the magnetic field after mag-
netizing the demagnetized test-piece ND'T12 that has been loaded to a maximum strain
of 1.0%, 2.0% and 6.0% respectively. The figures for the other strain cycle are not given
here as the results for the maximum strains less than 2.0% is almost the same with that
for the virgin material. In addition, it is also verified that the residual magnetic field for
different test-piece does not change much. However, after 2.% strain applied, the B, begin
to get larger. As shown in the Fig.3.33, the maximum B, , becomes over-range though the
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magnetizing procedure is just the same. On the other hand, the B, , did not change much
after 200 fatigue cycles of a 0.5% strain range were applied to the test-piece NDT12 (after
tension to strain 6%).

Figs.36 ~ 39 show the in-situ measuring results of the changes of the flux density for
the magnetized test-piece. One can find from these results that a significant change of
magnetization occurs due to the plastic deformation. Unlike the effect of the inverse mag-
netostriction [14], the signals of the detected magnetic field shows an irreversible property.
In the Fig.3.34 and Fig.3.35, the magnetic field changed in the elastic region is very small
comparing with that occurred at the area of the plastic deformation. However, for the
elastic deformation of the test-piece with residual strain, the magnetization in the mate-
rial changes with the applied loadings. In other word, the magnetization does not variate
proportion to the plastic deformation but depending on the strain in a similar pattern of
the stress-strain relation. However, the magnetization is irreversible if one notice that the
magnetization did not decrease much when the loading released. It is-also can be find that
the proportional limit of the stress corresponds to the proportion point of the signal of the
flux density signal in case of a large residual strain (more than 1.0%). '

Fig.3.40 gives the in-situ signal of the magnetic field during fatigue testing for the
test-piece after tension to 6.0% and magnetized with the permanent magnet. The direct
component of the magnetic field changes rapidly at the first several loading cycles and then
becomes slower. The amplitude of the vibrated signals is also getting smaller with the
increasing cyclic number. Comparmg with the magnetic field of the tensile testmg, one can
find that they change with a similar pattern. This means that the properties obtained from
the tensile testing may applied to the test-piece subject to fatigue loadings.
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3.4. Discussions

3.4.1 The principle of the natural magnetization

Based on the experimental results described in section 3, the principle of the damage
induced natural magnetization can be considered as the follows:

For the simple tensile testing of a relative lower strain range, the magnetization occurs
mainly due to the anisotropy caused by the plastic deformation, or in other words, due
to the plastic damages in the test-piece such as the dislocations and slipping lines in the
grains or at the grain edges [15],[16]. The damages affect the direction of the axis of easy
magnetization and make the spontaneous magnetization in the grains of magnetic phase
changing direction to the easy axis with a higher possibility. Actually, as shown in the
previous sections, grains of the ¢ ferrite phase exist in the SUS304 stainless steel though
its volume iraction is not so large comparing with the austenitic phase. These magnetic
grains is considered as the source of the paramagnetic property of this material. A magnetic
domain structure may occurs in these magnetic grains and its direction may be affected

by the anisotropy of the material. Once dislocations or slipping occurred due to a plastic
deformation, some domain walls will be moved in order to make the total potential being
minimized that may led to the natural magnetization. However, for the tension of a large
strain, the martensite transformation is also possibly happen that.can led to an extra
natural magnetization considering the volume fraction increment of the magnetic phase.

This explanation of the natural magnetization is reasonable considering the phenome-
na we find in the experiments. The occurrence of the large magnetization of the test-piece
NDT?2 can be considered as the result of a large local slipping and the martensite transfor-
mation. A global slipping (Ludas band, not only slipping in grains) may result in a strong
anisotropy in the test-piece. However, the occurrence of global slipping is not only depend-
ing on the conditions of the plastic deformation. A local microstructure and the loading
history may also affect the formation of the global slipping band. This is the reason why
there is no large natural magnetizations observed for the other test pieces, say, there are no
global slip lines happened for test-piece NDT21, NDT14 and NDT2. If there is no global
slipping lines occurred, the natural magnetization will be small as the slipping lines in the
grains may take different directions as shown in the observation results of the microstruc-
ture (Fig.3.16). On the other hand, the results of the flux density in the magnetized test
piece is much larger than that for the demagnetized ones. This can also been explained by
the conjecture above. In this case, the magnetic domain walls are moved due to the energy
of the external magnetic field, which enables a global magnetization. Once damages are
introduced by a mechanical energy, some domain walls will move back or to the easy axis as
the present direction is not stable that makes the detected leakage flux density decreased.
Considering the coexistence of the two sets of slipping lines that is crossed each other, this
decrement is not difficult to be understood.
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In case of the fatigue cracks at the tips of the central slit, the principle of the natural
magnetization is a little different. In this case, in addition to the magnetizations induced
with the same mechanism of the tensile testing, the martensite transformation occurred
near the fatigue crack as a result of the cross slipping and mechanical energy may plays a
major role of the natural magnetic field. Of cause the increment of the magnetic phase is not
equal to more natural magnetic field because of the random orientation of the spontaneous
magnetization of the magnetic domains. However, as the anisotropy is more significant
than the simple tensile testing considering the stress concentration, more magnetic phase
can led to a large natural magnetization. This can be considered as a reason of that the
natural magnetic field at the crack vicinity of the deformed test-piece is larger than those
of the virgin material.

Actually, from the observation results of the magnetic colloidal method and the MFM,
the possibility of the martensite transformation in a fatigue testing is conformed. Though
the results of the colloidal method only can show that a large magnetization exists in the
vicinity near the crack, whether it is from the slipping or the martensite transformation can
not be distinguished. However, from the results of the MFM image, one can say that the
magnetic phase exists in a much larger volume fraction comparing with the area without
stress concentration and the area of virgin material. This can be considered as an evidence

~of the martensite transformation. In fact, the TEM observation of NDT2 supports this
consideration. Actually. the martensite transformation of the NDT2 can be considered
being caused by a tension-tension fatigue testing of 3 fatigue cycles.

3.4.2 The correlation of the magnetization and the plastic strain

“Excepting the test-pieces with a global slipping and those magnetized using a perma-
nent magnet, the magnetization signals are very small and even weaker than the magnetic
field of the earth. The change of the magnetization is mainly occurred at the first stage
of the plastic deformation, i.e. the natural magnetization will saturate when the plastic
deformation gets too large. Fig.3.41 shows the flux density change at tensile loading cycle
(different residual strain) for test-piece NDT14 and NDT2. It is obviously that the change
of the magnetization in a test piece with high residual strain is much smaller than that
happened in the virgin material.

As the natural magnetization is possibly affected by the state of the local deformation,
(for instance, the magnetization of a test-piece with global slipping is much larger than
that in a test-piece with same or more residual strain), it is not easy to apply the signal
of the natural flux density to quantitative prediction of the state of the macrostrain, or
the state of the mechanical damage of the plastic deformation. However, considering the
fact that the magnetization do changes with the increasing mechanical damages for all
the situations, the detection of the flux density signal is a possible way for monitoring
the change of the state of the mechanical damages since a global slipping is hard to take
place in the practical structural component. However, even for such applications, efforts

— 44 —
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for reducing the environment noise is also important.

3.4.3 Correlation of the fatigue damages and the feature parameters of the detected magnetic
field signals

From the measured 2-d distribution of the leakage magnetic field for the test piece
unloaded during the fatigue testing, it is difficult to identify fatigue damages from the
detected signal as the signal of the magnetization is very small and is polluted by the
environment noise. This means that a 2-d scanning of the natural magnetic field may not
gives a valuable information related to the status of the fatigue damages. However, if we
compare the time history of the magnetic flux density, one can find a significant difference for
signals of test pieces in different residual strain. This tells us that some feature parameters
of the detected signals may connect with the damages, which consequently, can be used as
the parameter to monitor the damage state of the test piece[14].

Fig.3.42 gives an evolution of the area of the hysteresis curve of flux density versus
the applied strains (see I'igs.31,32) and Fig.3.43 shows the change about the signal of the = -
sensor 1. From these results, it is clear that the area increases rapidly at the first stage of
the fatigue life. After about 10,000 cycle, the increment of the area bécomes slower. On the
other hand, Fig.3.44 gives a corresponding evolution protedure of the amplitude of the flux
density signalé. Unlike the area of the hysteresis, the amplitude does not change much at
the first stage but increase linearly at the last period of the fatigue life. From these result,
we can say that the area of the hysteresis curve is a suitable parameter for monitoring the
fatigue damage, i.e., if the change of the area getting slower, which means the fatigue life
limi} is approaching.

3.4.4 The possibility to detect plastic damages from magnetic material parameters of the
SUS304 steel

Fig.3.45 shows a correlation of the maximum residual flux density for the test pieces
with different residual strain. From the figure, we can find that the maximum residual
magnetization did not change a lot for the residual strain of 1% or smaller. For the residual
strain greater than 2%, the B, 4, gets large linearly. This phenomenon can be considered
as the effect of the the martensite transformation as it can make the volume fraction of the
magnetic phase gets larger, which in turn, can led to the increment of the residual magnetic
field of the damaged material. From this point of view, the residual magnetic fields is
possibly to be applied to the prediction of the volume fraction of the martensite phase, or
in other words. the plastic damages can be identified nondestructively by monitoring the
residual magnetic field if the damage state is not too small.

Considering the similarity of the mechanical damages from the tensile plastic defor-
mation and from the fatigue testing, one may guess that the fatigue damage can also be
detected by measuring the residual magnetic field. In other word, the maximum residual
magnetic field is possibly to be used to predict N/N; for a fatigue loading in small strain
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range, though it may not be sensitive at the first stage of the fatigue life.
In table 3.5, the proportional limit of the of the € ~ ¢ and € ~ B, curves are summa-
rized. The maximum changes of the magnetic field of the 6 sensors for the loading cycles
- described in the section 3.3 are also listed in the table. The definitions of the Ep, Epy and
B*® are depicted in Fig.3.46. From this table, one can find that these 2 proportional limits
are nearly the same for test-piece with residual strain over 1%. In addition, the change of
the magnetic field during the tensile testing also stop to increase after 1% tensile strain was
applied. These results show that the mode of damage may change at a plastic strain within
tensile strain 1% ~ 2%. Actually, this phenomenon agrees with the change of residual
magnetic field and the saturation phenomenon of the natural magnetization.

Table 3.5 Comparison of the proportional limit e, of the £ ~ o curve and &, of £ ~ B,
curve, and B;***, the change of the magnetic field during tensile testing to 4,

0.2% | 0.5% | 1.0% | 2.0% | 3.0%
gy (%) |0.107 | 0.122 | 0.157 | 0.165 | 0.188
gy (%) | 0.2 10.213 | 0.153 | 0.151 | 0.182
Bre=(Gs) | 0.23 | 0.50 | 0.62 | 0.62 | 0.64

3.4.5 The possibility to detect damage by using the natural magnetization

From the experimental results and discussions given in the previous subsections, we
can find that though the natural magnetic field is useful in the detection of a large fatigue
crack, it is not easy to be applied to the evaluation of the damage state by scanning the
natural magnetic field during a in-service inspection. However, it is possibly to be applied
for monitoring the change of the damage status by set a magnetic sensor to positions that
are considered as the weak point of the key structure component. As the signal of the
natural magnetic field is not so large, more efforts for enhancing the sensing system is
necessary such as employing a shielding device for protecting the environment noise. On
the other hand, the feature parameter (area of the B ~ & hysteresis curve for instance)
proposed in the previous subsection is sensitive to the fatigue damage, and is possibly to be
applied to a structure component subjecting to a transverse loading. However, this method
also has a drawback, as the area of the hysteresis curve or the amplitude of the signals
need the information of the loading or strain. Unfortunately, this information may be not
available for problems such as a low cycle fatigue or damage of creep testing.

Unlike the method using the natural magnetic field, the method predicting the residual
magnetic field is more robust against the environment noise as a result of the external
magnetizing. In addition, the measurement of the residual magnetic field is easy to be
performed as an in-service inspection method. A high space resolution of the measurement
can also be realized by using a small exciting coil (or permanent magnet) coupled with
a magnetic field sensor. However, the correlation of the residual magnetic field and the
fatigue damage (/N/Ny) needs to be demonstrated later for the SUS304 material.
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3.5. Conclusions and Prospect Work

Based on the experimental results described in the previous sections and the discus-
sions, the following concluding remarks are obtained, '

1. Natural magnetizations occurs for the SUS304 stainless steel due to a mechanical
damage especially at the vicinity of the fatigue cracks. The natural magnetic field
can be considered as the results of a mechanical damage (from the plastic deformation
or a fatigue testing). Therefore, the measurement of the natural magnetic field can be
considered as an efficient method for the NDE of fatigue cracks as the noise from the
magnetizing procedure can be removed. On the other hand, because of the saturation
phenomenon and the affect of global slipping, detecting the status of mechanical
damages before a crack initiated is difficult by scanning the natural magnetic field.
However, the natural magnetic field can be applied in the monitoring of the damage
status of a given point if the environment noise can be reduced by using a special
measuring system.

2. The area of the field-strain hysteresis curve increases with the in¢reasing fatigue cyclic
number. The amplitude of the magnetic field signal is also getting larger especially at
the last period of the fatigue life. These parameters can be applied to the online mon-
itoring of the status of the fatigue damage for key structure components subjecting
cyclic loadings.

3. At a room temperature, the martensite transformation is also possibly to be occurred
for a relative large tensile loading. At the tips of the fatigue crack, a martensite
transformation also possibly happens due to a cyclic loading even of a small strain
range. The reason of the natural magnetic field can be considered as result of both
the anisotropy due the plastic damage and the increment of the magnetic phase due
to the martensite transformation.

4. The residual magnetic field changes significantly for a test-piece with large plastic
deformation. However, at a low plastic deformation level, the residual magnetic field
will not change a lot. This phenomenon may be applicable for the detection of the
martensite transformation and the damage recognition for materials with large me-
chanical damage.

As prospect work, the following subjects are important:

1. Investigating the correlation of the N/N; and the feature parameter of the measured
natural magnetic field for various test conditions and test-pieces.

2. Checking the correlation of the maximum residual magnetic field B, with the density
of the martensite phase and the N/N; parameter and evaluating the possibility to be
applied to the detection of fatigue damages.
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Fig.3.11 Distribution of the natural magnetic field after tensile testing
(NDT2, 0% ~ 3%)

Fig.3.12 Distribution of the natural magnetic field after tensile testing
(NDT2, 3% ~ 6%)



INC TN9400 2000 — 021

0.02 T B T T 1 T T T
oms | stress(200000kgemy™™@). « - - - =" """ 7]
..... - -
EPEEE A ,'—
LT -
. . 'ﬂ'
strain(200%) =~ i
0.0t . sensor 6 Fie
=
a
X 0.005
0
VWi SETLUL P T Ry Y
noh v ¥ g T T
I"'_ﬁ"v\-‘-... i VR L
“NE, LY -
! i)
-0.005 |- Rl T AT g N -
TN A
-0.04 1 1 1 l i 1 i

Fig.3.13 In-Situ measuring result during tensile testing (NDT2L, 0% ~ 3%)

@ Positions of micro
observaticn

By(Gs) Bottom side

0
y({mm) - 10 15
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Fig.3.15 Comparison of the microstructure of the samples taking out from different
positions (NDT2, after 9% tension)



JNC TNS9400 2000 — 021

Sample at the top side

Sample at the bottom side

Fig.3.16 Comparison of the local slipping of the sample at the top and bottom side of the
tesepiece NDT2 (after 9% tension)
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Fig.3.17 TEM image of sample cut from the bottom side of the tesepiece NDT2
(after 9% tension)
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Fig.3.18 X-ray diffraction images for determining the property of the various phases
shown in the Fig.3.17
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- Fig.3.19 An example of fringe pattern of the moire method for test-piece ND'T'14 unloaded
after tensile testing (e = 3.78%)
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Fig.3.22 Distribution of the flux density for test-piece NDT21 after fatigue crack was
initiated
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Fig.3.23 Distribution of the flux density for test-piece NDT20 after fatigue crack was
initiated

Fig.3.24 The magnetization image at the crack tip of the test-piece NDT21 obtained by
using the colloidal method (Provided by Prof.Y.Nakasone, To be published)
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Fig.3.26 An example of the MFM image at the crack region observed before chemical
polishing (Provided by Prof.Y.Nakasone and Dr.T.Suzuki, To be published)
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deg
Fig.3.27 An example of the MFM image at the crack region after chemical polishing
(Provided by Prof.Y.Nakasone and Dr.T.Suzuki, To be published)
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Fig.3.32 Typical hysteresis curves of the magnetic field versus applied loading



INC TN9400 2000 — 021

AV
..'."...‘;

B (Gs}
& 7
o .,
2r el TR e = =S =
15 .f"’ >, '."‘
1 Stz SN
N ey SV Ay o vy N
0.5 R T TAZTT IR \\
. ,..,a..;g.'ar"',:""\\ \\ S
S AT QRIS
0 et SO AN NN
05 T s "0}. ‘\\\\\\\‘ X225
L ARELINY

Fig.3.33 Distribution of the residual magnetic field B, after magnetized with a permanent

magnet (NDT12, Residual strain: 0.84%)

B {Gs)
oG
2T R e
2r PR e e\ N\
15k R Ry \\\‘\\{:’;::;..
; ST P Nz
¥ ST AT AT AT TL 7R AT
L2 T TIL LTI Zd \\ §’~ LZAA LT TR
05 -:.--—‘5‘;”01”11' \\\ S LT A ARl
R SN T l” W2, ”"'
0 S NN
05 NN
e

oo
A e
T

2l <
15 RS
2

Fig.3.34 Distribution of the residual magnetic field B, after magnetized with a permanent

magnet (Residual strain: 1.82%)



JNC TN9400 2000 — 021

Fig.335 Distribution of the residual magnetic field B, after magnetized with a permanent
magnet (Residual strain: 5.76%) '
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Fig.336 In-Situ measuring result for the magnetized test-piece NDT12
(strain range, 0 ~ 0.2% )
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Fig.338 In-situ measuring result for the magnetized test-piece NDT12
(strain range, 0.35% ~ 1.0% )
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Fig.339 In-situ measuring result for the magnetized test-piece NDT12
(strain range, 0.95% ~ 2.0% )
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Fig.342 Evolution of the area of the B - ¢ hysteresis curve during fatigue testing for
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Chapter 4

Reconstruction of Magnetic Charges
in an Inspection Objest from the
Detected Magneic Field Signals

4.1. Introduction

In the chapter 3, experiments are conducted for investigating the correlation between
local plastic deformation and the corresponding magnetizations for the major structural
material of FBR (SUS304 stainless steel). As the magnetization in material is impossible
to be measured directly, the leakage magnetic flux density at a plan parallel with the
testpiece surface has been measured. To predict the distribution of the magnetization in
the material, an inverse analysis is necessary.

In this chapter, the approach for the reconstruction of the magnetization from the
measured magnetic field is proposed. the magnetic charges are selected as the unknown
parameters to be reconstructed in view of the equivalence of the magnetizations and a dis-
tribution of magnetic charges in the explanation of related physical phenomgnals]. Another
motivation to choose charge as unknowns is for improving the condition number of the
corresponding ill-posed inverse problem. Moreover, as an approximation of the practical
problem dealing with a test piece in plane stress state, the charges are assumed constants in
its thickness direction, i.e., only reconstruction of the magnetic charges in a two-dimensional
distribution is considered. Three ways are adopted in the inversion procedure for evaluating
there feasibilities. From examples using simulated signals, the least square method using a
direct solver of linear equations is found hard to give a satisfactory reconstruction results,
while the predicted charge profiles by using an iteration algorithm (the steepest descent
method or conjugate gradient method) agree with the true distributions well for signals
with a low noise level. In case of signals containing a relative large noise, the iteration
method also failed to give acceptable solutions. To enhance its robustness, wavelet trans-
formation is introduced to the equations discretized with the moment method to weaken
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the constraint conditions. A strategy to select the weight coefficients is also proposed based
on the wavelet decomposition of the reconstructed functions. Numerical results show that
the method using wavelet can give good reconstruétion even for signals with a noise level
over 50%, which demonstrated the validity of the strategy.

4.2. Reconstruction of magnetic charges

The magnetic charge is a concept introduced referring to the definition of the electric
charge. Though experimental results do not support the practical existence, the magnetic
charge still keeps as an important physical quantity in view of its equivalence with the cur-
rent dipole model for describing many physical phenomena. Concerning the bad condition
number of the ill-posed inverse problem in the reconstruction of the magnetization vector,
choosing the amplitude of magnetic charges as unknown parameters is much more reason-
able in order to imag the magnetizations inside the object. Moreover, such a treatment
can also result in a significantly reduced number of unknowns in the inverse analysis, or in
other word, can save much computer burden. |

At a field point (denoting as r) outside the volume V of the magnetized object, the
magnetic scalar potential induced by the magnetization at a source point (denoting as r’ ) is
equivalent to that induced by a related magnetic dipole. Refering to formulae for magnetic
dipoles, the magnetic ‘scalar potential due to magnetizations can be. expressed as(€h{]

$(r) L Lm(r')-V’-lLdv' = ﬁ;{fh m(r')-n

- 47 g r— 1]

1
v —r]

dv'},
(4.1)
where, $(r) is the magnetic scalar potential at the field point r in air region, m(r') is the
magnetization vector at the source point r, ¢(r') = V’- m(r'} is magnetic charge density at
point r' according to its definition, and m(r’) - n is the surface charge density at a surface
point with n being its normal unit vector.

From eq.(4.1), it is not difficult to find that the effect of the magnetization is equivalent
to that caused by both the volume and the surface charges. For a button type CCT test
piece under a loading of plane stress state, the surface magnetic charges at the planar and
side surfaces are zero considering the symmetry condition and the vanishing property of the
total charge. Moreover, for a problem dealing with magnetizations nearby the tips of cracks
initiated at the central part of a test piece, the magnetic charges at the other surfaces can
also be neglected. Under such conditions, the formula for the flux density induced by the
charges can be obtained by taking gradient operation at the two sides of eq.(4.1) but with
the term of surface integral omitted. eq.(4.2) shows the correlation of the flux density and
the volume distributed magnetic charges which will be used as the basic governing equation
in the following part,

1 ! ! !
|r—rf|ds+fvv m(r')

1
v —r|

Br) = o [ a)V'

where, B(r) is the leakage flux density vector at the field point r.

dv', (4.2)
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4.2.1 Inversion with the least square method!*:{121[3]

In the follows, we consider the magnetizations localized in a limited volume V as
described in the previous sections. By subdividing V into #’ cells and taking the charge
density as a constant value in each cell, the magnetic charges in any source point v’ can be
approximated as,

¥) = 3 g() 43)

where, £(r') is a box function with a zero value outside and a unit value inside the j — th.
cell.

Substituting the discretization equation into eq.(4.2), some calculation shows that the
leakage flux density b(r;) at an arbitrary field point r; can be obtained from the discretized
charge parameters with the following formula,

A1 (m—r))

bi(r) = Z i T“'T;PQJ'- (4.4)

r;

Similarly, a-cor-nponent of the leakage flux density vector (for instance, the z component
{¢z}) at 7 inspection points connects to the charge parameters under governing of the
following systein of equations,

{b:} = [Kl{q} (4.5)
with the coefﬁment kij = vz — 2} /Ies — o3, i =1,2,..,7,5 = 1,2,.

Theoretically, the charge parameters can be obtained by solving eq. (4 5) w1th {b} using
as a component of the measured flux density vector. Of course, eq.(4.5) can not be solved
directly as it is usually an over defined or a less defined problem, in other word. 7 # 7’. To
find a reasonable solution of such a system of equations, the least square method is an usual
way which solves the system of equations from a point of view of minimizing the square
residual. The system of linear equations derived with the least square method is as follows,

[KT"{b} = {[K]"[K]Hdg}- (4.6)

Unfortunately, matrix [A] = [K]T[K] usually is in a bad condition number, i.e, the
solution of eq.(4.6) is not unique from a rigoroué point of view. One can only obtain a
severely vibrated solution if a normal elimination algorithm is employed in its solving. In
other word, the solution is easy to fall into a local minimum in the residual function because
of the ill-poseness of the inverse problem. Fig.4.1 gives an example of the solution for an
1-D distribution of magnetic charges. From this result, it is not difficult to find that only a
very small difference existed between the magnetic fields produced by the reconstructed and
true charges while the charges themselves have a much different distribution. Therefore, the
ill-posed problem need to be regularized somehow in order to obtain an acceptable solution.

In practical, magnetic charges in a severe oscillated distribution usually is not realistic.
Imposing the solutions satisfy constraints based on such a priori knowledges is the basic
idea to regularize the ill-posed problem. In next subsection, a method of iteration using
gradient will be introduced for this purpose.
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4.2.2 Inversion with the steepest descent method14h15h[16]

'To avoid falling into the local minimum in solving the system of equations, an iteration
method can gives a better solution when an appropriate initial profile can be determined
somehow. Actually, once the boundary condition of the parameters to be reconstructed
was known, such an initial condition is not too difficult to be selected, e.g, we can choose
zero distribution if we know that the values at the boundary is vanished.

An iteration method using gradient has a superior convergence speed than a zero order
algorithm. In addition with the considerations previously mentioned, we choose the method
of steepest descent method or its accelerated version (the conjugate gradient method) to
solve the eq.(4.6). The basic procedure of the method is as follows:

By choosing the objective function as the square residual of the magnetic field, eq. (4.6)
can be transformed into an optimization problem which minimizes the objective function
subject to a prior knowledges on the charge distribution. Denoting & as the residual func-
tion, it can be defined as,

em = > uilo™ — bi({g}™), (@

where, w; is one of the weight coefficients, b?"* is an observed data of magnetic flux density
and b;({g}™) is a field data due to an estimated charge distribution at m — th iteration

step, say, {b({g}™)} = [K]{{q¢}™}.

The iteration formula for solving eq.(4.7) reads,

{a}™ ={a}™" + e {f}™, (4.8)

where, {f}™ = {06m-1/0¢:} + Grn{f}™!, and {Be,_1/8q;} is a gradient of the objective
function at the direction along i -- th coordinate vector which can be calculated from the
coefficient matrix [K] as,

a{':ﬂr:.ml
B(Ij

=2 Z 'L';U babs - bt({Q})]! J = 1$ 2: R ﬁ' (49)

i=1

The updating step length a, in eq.(4.8) is usually chosen as a,, = P/Q, and with

P L bm—l bobs abanI bm -1 0
—g(i —b; )m: Q = Z Bar. (4.10)
and,
abr_n.—l 7 m 1
! 5 11
da,, Z 7 4:9qJ (4.11)

Using the algorithm just conducted, a code for reconstructing an 1-D or a 2-D distri-
bution of charge has been developed and reconstruction with use of simulated input signals
has been successfully carried out. The details of the numerical simulation will be presented
in the next section.

4.2.3 Application of wavelet to the inversion analysis!!7{18):(18}(20]
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Imposing eq.(4.6) to be exactly satisfied at each selected measuring points is a strong
constraint on the unknowns which may worsen the ill-poseness of the problem. An approach
to weaken such a constraint is to use the moment method, i.e., only ask the equations
to be satisfied from a point of view of weighted average. In this category, the Galerkin
approximation is usually applied which chooses the weight function as the bases used in the
discretization of the unknown variable. Hereafter, this strategy will be selected to establish
the system equation of the inverse problem given in section 3.2.

As the magnetic charges possibly exist with a complicated distribution in the material
to be inspected, discretizing it on basis of the wavelet functions is an attractive idea con-
sidering the merits of the wavelet transformation and wavelet decomposition for treating
signals with abrupt change. Taking an 1-D problem as example, the Galerkin approximation
using wavelet can be described as follows:

At first, we expand the charge function and the function of singular kernel g(z, z')(=
(x — z')/|r — ¥'|? for z component) in eq.(4.2) on the Daubechies’ wavelet bases as,

4(5) = 3 ensbns(2) (412)

g(z,z') = Z Ay 4 ($)¢nd (LL") (4.13)
7

where, n is the resolution level, j is the shifting parameter, N is the index .of the mother
wavelet and ¢, ;(z) = 1/2%/2¢(2"x— j) with ¢(z) being the mother wavelet of the Dabechies
basis which is supported at (0,2N —1). @, ; can be calculated by numerically calculating
the integral an j(z') = [ g(z,2') ¢nj(z)dz.

Substituting eq.(4.12),(13) into eq.(4.2), the = component of the flux density: can be
expressed as,

bo(2) = [ 3 0ni(2)hni() 3 cnjdns(e)da. @

Assuming that the supports of the wavelet bases are contained in the integral region 2, we
can obtain the following equation by applying the orthogonal property of the wavelet bases,

2n—1

bo(z) = Y ani(@)cns (4.15)

i=2—2N

Choosing the bases for wavelet expansion as the weight function, i.e.,multiplying ¢, ;(z)
at the two side of eq.(4.15) and taking integration over its support, we can obtain the system
of equations for the unknown wavelet coefficient as,

2" -1

Bnj= . hujitnij=2—2N,.,2"—1. (4.16)
i=2-2N

or written in a matrix form,

{8} =[H{c}, (4.17)
where, 8, ; = [ by(2)¢n ;(z)dz is the wavelet coefficient of the detected magnetic field data,
and matrix element h, ;i = [ [ 9(z, 2" ¢n () {2 }dadz'.
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From the reconstruction resuits, the parameters at a lower resolution level can be
obtained by using the following Mallat’s decomposition equation,

Cn—1k = % Z Cn.jDj—2k: (4.18)
J
with pi(k =0,1,...,2N — 1) being the filtering coefficient of the Daubechies’ wavelet,

To solve eq.(4.17), the gradient method given in the preceding subsection is applicable
without much modification. Moreover, as the coefficient matrix [H] is independent of the
charge parameters, they can be precalculated and stored in data-bases for some selected
resolution level and lift-off values. This procedure make the matrix [H] possibly to be
formed by just reading in the precalculated data-bases. Therefore, most of the compu-
tational burden can be reduced in a practical reconstruction especially for a 2-D or 3-D
problem.

In addition to the capability to improve the ill-poseness of the inverse problem, the
application of wavelet as the expansion bases and weight functions can also reduce the
affect of noises because of the filtering effect of wavelet transformation. This means a
slowly changed charges can be reconstructed well from a noisy signal with use of a low
resolution level. Even for charges with abrupt spatial change, the reconstruction can be
improved by designating the charge distribution reconstructed at a low resolution level as
initial values of the high level reconstruction. ’

A general way to select the weight coefficients used in the weighted square'residual is* -
still an unclarified problem. Usually, the coefficient for a signal of relative small signal has
to be selected as a small value concerning the relative small S/N ratio there. However, these
coeflicients are difficult to be directly determined from the measured data in case of a high
noise level. Bearing in mind these considerations, we propose a strategy to determine the
weight function by using the features of the wavelet function. The basic idea of the method
is to apply the reconstructed results at a low resolution level or decomposed coefficients
from a result at high resolution level . As the affect of noise is small in a low resolution level,
taking the corresponding normalized magnetic field as the weight coefficients can reduce
the affect of noise further, i.e.

(wi} = [K{g}n, (4.19)

where {q}, is the reconstructed charge parameters at resolution level rn with Ong = 3 Cn i On;(Z:).

4.3. Numerical results

‘The formulae of the steepest descent method were implemented for both an 1-D and
a 2-D problem while those using Galerkin approximation and wavelet was implemented for
a 1-D problem only. For the 1-D problem, charges located at a line in 20 mm length is
reconstructed from magnetic field measured along a line with 1 mm or 5 mm lift-off (Fig.4.2
a). The scanning region is selected as in 30 mm length just over the line of source. It is
also assumed that the charges at the boundary and outside the region are zero. The 2-D
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problem is an extension of the 1-D case (Fig.4.2 b). In this case, the charges are assumed
located in a square region of size 20 X 20 mm. The field data are of either a horizontal
component or the normal component of the flux-density vector which were acquired from a
2-D scanning in a 30 x 30 mm region hq over the source plane. The simulated magnetic field
as well as those measured from the experiment are adopted in the reconstruction. Artificial
white noises are added into the input data for investigating the robustness of the analysis
method. In the follows, the numerical results will be presented respectively for the direct
and wavelet used method.

4.3.1 Results of the least square method

a). 1-D problem

Fig.4.3 depicts a comparison of the reconstructed and the true distribution of the mag-
netic charges. In this case the initial values of the charges are selected as zero and no noise
was included in the input data. Unlike the result using Gauss elimination method, very
good convergénce was realized in a short CPU time. In this case, both the conjugate gra-
dient method and the steepest descent method give excellent results though the conjugate
gradient method can converge in a much less iteration number.

Once noise was added into the inputed data, the convergence of the iteration was
very slow and even become unstable for the conjugate gradient method. For the steepest
descent method, as a result of the random noise the residual value can not decreased to
a level designated previously, and the square residual between the predicted charges and
the true values do not decrease with the reducing residual of the magnetic field. From
lot of reconstruction testings for various of input data and noise level, we find that after
about 50 ~ 100 iterations, a relative good reconstruction of the charges can be realized.
More iterations may not improve the charge distribution significantly even make worse.
Therefore, we decide to take the reconstructed result at 100 iteration as the final values in
practical applications. Fig.4.4 shows the evolution of the square residual during iteration
when different noise was added into the input signals. We can find that 60 iteration is an
appropriate number to stop the iteration.

Fig.4.5 shows a simulated results for signals with 20% and 50% noise. We can find that
it is difficult to distinguish the true charges from the result of 50% noise. Therefore, more
efforts are needed to improve the robustness of the method.

b). 2-D problem

Fig.4.6 gives results for a two dimensional problem with the initial profile of the charges
selected as zero. The applied 2-D model corresponds to the experiment described in the
section 2 with an assumption that the charges do not change too much in the thickness
direction. The result shown in Fig.4.6 is a comparison of the reconstructed and the true
distribution of the charges when the simulated signals with zero noise was applied. The
corresponding comparison of magnetic field is shown in Fig.4.7. We can find that even for
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a two dimensional problem, the gradient method can gives excellent reconstruction results.

For investigating the robustness for a 2-D problem, the reconstruction was also per-
formed with signals including artificial noise. Fig.4.8 (a) is a reconstruction result for signal
with 20% noise. Fig.4.8 (b) gives the corresponding magnetic field. We can find that a
relative good reconstruction was obtained again. For a magnetic charges with a more com-
plicated distribution, it can also be reconstructed in a short CPU time. Fig.4.9 depicts
results of a typical example for such a problem.

4.3.2 Results of the wavelet used Galerkin method

Fig.4.10 shows a reconstruction result using the wavelet method with the resolution
level chosen as 6 and the lift-off as 1.0 mm. The other conditions are the same as that
described in section 4.1. The initial values were also used as zero. Though there are some
errors in the location where the charges change abruptly, satisfactory reconstruction results
is obtained. The iteration number of this result is taken as 100.

For comparison of the results of the gradient method and that of the method using
wavelet, several reconstruction were performed for signals including artificial noise. Fig.4:11
gives an example of 1-D problem with the same condition as described in the preceding
subsection. A noise level of 50% was applied and the iteration number was chosen as 100

- for both methods. One can find that the reconstruction result using wavelet has a relatively
better precision.

" Up to now, the results presented are reconstructed with the weight function used as 1
or in other word, the weight function was not introduced. By applying the weight function
proposed in the section 3.3, it is not difficult to find that the reconstruction results can
be improved. Fig.4.12 shows an example with an 1-D problem for signals with 20% noise.
From this figure we can find that the application of the weight coefficients can improve the
results of charge distribution significantly.

4.3.3 Reconstruction with measured data

The reconstruction results given in preceding subsections are obtained by using simulat-
ed data of magnetic field. Though these results are important for evaluating the feasibility
of proposed methods, more validation is necessary for practical flux density data in order
that the method possibly be applied to real problems. For this purpose, magnetic field
data shown in Fig.3.22 was applied to the reconstruction using the 2-D code of the gradi-
ent method. Fig.4.13 depicts a reconstructed distribution of charges in the planar region
of the test-piece. The magnetic field produced by the reconstructed charges is shown in
Fig.4.14. The magnetic field due to the predicted charges shows a good agreement with the
measured data. Comparing the reconstructed distribution of charges with the position of
fatigue cracks which has initiated at the two ends of the central slit, it also can find that the
the reconstructed charges is in a reasonable distribution if one pays attention at the peaks
corresponding to the crack tips. This result supports the expect-ion that the proposed
method is suitable in the correlation analysis of magnetic and damage parameters.
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4.3.4 Some discussions

As described in the preceding sections, some treatments on the selection of weight
coefficients, the maximum iteration number and the component of magnetic flux density
are introduced. As a highlighting, we summarize these considerations as follows:

To reconstruct the magnetic charges, one component of the flux density vector is e-
nough. This is a fortunate fact as it is impossible to use more components in the inversion
because the 3 components of flux density are not independent each other considering the
vanishing divergence and rotation in the vacancy area. Usually, the normal component
of the flux density vector is applied in the reconstructions concerning the affect of lift-off
change. However, there is no much difference between the reconstruction results using d-
ifferent. component for simulated data. This fact has been demonstrated when we try to
find the affect of the different component. In case of our experiment, the lift-off do not
varies much because of the application of x-y stager. On the other hand, the lift-off of
sensor for the vertical is bigger than that of the horizontal one. Therefore, we decide to
use the horizontal component in the reconstruction from the point of view of a high space
resolution.

Once noise presented in the input data, selection of the threshold condition for conver-
gence is of difficult. As described in section 4.1, we choose a given max. step number as
‘the condition for different problems. This treatment can be explained by considering the
prbperty of the iteration method. In fact, at the iterations of low step number, the method
try to find a solution which approaches to the measuring data from a globe point of view.
After this procedure, the local distribution of the data is reconstructed in detail which may
lead to a severe vibration in the solution because of the affect of noise. Therefore, using a
maximum iteration number designated by experience is valid for our problems.

The application of weight coeflicients can focus the inverter to the signals with a high
S/N ratio. However, as we do not know the distribution of sources, designation of such
coefficients is not easy. The method we proposed in the section 3.3 is to overcome this
difficulty. The basic idea of this method is to choose the coefficient as magnetic field induced
by an approximately reconstructed source. As the reconstruction at a low resolution level
is very fast, this procedure does not need much computations. By designating a small value
at the position of small field, the high S/N signals can make a full play in the inversion
which, in turn, can improve the precision of the reconstruction results.

4.4. Concluding remarks

Based on the work described in the preceding sections, we come to the following con-
cluding remarks.

1. The reconstruction of the magnetic charges from measured magnetic field is a typical
ill-posed inverse problem. Solving of the system of equations of the least square
method with an eliminate algorithm is impossible to give an acceptable solution.
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2. In spite of the local minimum problem of an iteration algorithm using gradien-
t method, it can give a satisfactory reconstruction result with use of a zero initial
values. An acceptable charge distribution can be obtained by select an appropriate
iteration number even for noise polluted signals.

3. The wavelet used Galerkin method can give a better reconstruction than that using
the the least square method for signals with high noise level. It is also verified that
applying the reconstructed magnetic field at a low resolution level as the weight
coefficients used in the objective function can improve the robustness of the proposed
inversion method. |

4. From the natural crack signal measured from the testpiece with fatigue crack initited,
the magnetic charges are reconstructed by using the gradient method. Comparing
with the results measured by using the colloidal method, the recontructed result is
reasonable which inturn verified the validity of the proposed method for the actual
problem.
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method
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b) Model of the 2-D problen

Fig.4.2 Concept diagram of the problems
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Fig.4.3 Comparison of reconstructed and the true distributions of 1-D charges from noise
free signals by using gradient method and equations of the least square method
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a). Reconstrcuted magnetic field

b). The true magnetic field

Fig.4.7 Comparison of reconstructed and true magnetic field
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Fig.4.8 Reconstructed results for signals with 20% noise distribution of leakage flux density
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Fig.4.10 Comparison of reconstructed results of the wavelet based Galerkin method and of
the least square method
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Chapter 5
Concluding Remarks and Prospects

Based on the results described in the previous chapters, the following concluding remarks
are obtained:

1. By proposing new crack models for a natural crack and extending the inverse scheme
developed for the cavity notch, the reconstruction of a crack with non-vanishing con-
ductivity is successfully realized at a personal coniputer. The simulation results shows
that the two edge model of unknown constant conductivity is more efficient compar-
ing with the conductivity model in view of both computational burden and accuracy,
and is more suitable for signals including noise.

2. From the experimental work described in chapter 3, if is demonstrated that the natu-
ral magnetizations occurs for the SUS304 stainless steel due to a mechanical damage
especially at the vicinity of the fatigue cracks. The measurement of the natural mag-
netic field can be considered as an efficient method for the NDE of fatigue cracks in
such materials. The area of the field-strain hysteresis curve of the signals measured
during the fatigue testing increases with the cyclic number, which can be applied to
the online monitoring of the status of the fatigue damage for key structure compo-
nents subjecting cyclic loadings. From the observation of the microstructure of the
test-pieces containing plastic or fatigue damages, it is verified that the martensite
transformation occurred for a relative large tensile loading in case of a flat test-piece,
and occurred at the crack tips even for a fatigue testing of low strain range The ma-
terial magnetic coefficient such as the residual magnetic field is possibly to be applied
to detect the change of magnetic phase, and consequently, may be applicable for the
detection of several damages before crack initiated.

3. In spite of the local minimum problem of an iteration algorithm using gradient
method, the magnetic charge can be reconstructed in a satisfactory precision from
the measured magnetic field signals by selecting proper initial value, iteration num-
ber and weight coefficients. In addition, the equation of Galerkin method using the
Daubechies’ wavelet is more robust against noise comparing with the results using
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the least square method directly. From the natural magnetic flux leakage of the test-
piece with a fatigue crack, the magnetic charges are successfully reconstructed by
using the approach of the gradient method. The reconstructed distribution of charges
qualitatively agrees with that measured by the colloidal method.

As prospects, the following works are important,

1. For the reconstruction of crack with touch, more work is necessary for the measured
data and for the problems with a unknown position and unknown crack opening.

2. For the experiment', the correlation of the N/N; and the feature parameter of the
measured natural magnetic field for various test conditions and test-pieces is impor-
tant. For applying maximum residual magnetic field B, to the detection of damage
and martensite transformation, to investigate the correlation of the N/N; with the
residual magnetic field is necessary.

3. For the inverse analysis of the magnetic charge, the validation of the wavelet used
method for a 2-D problem and extension of the least square scheme to 3-D problems
are necessary.

— 100 —
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