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APPARATUS AND METHOD FOR IDENTIFYING DEFECTS AND DETERMINING DEFECT
DEPTH IN FERROMAGNETIC STRUCTURES BASED ON MAGNETIC FLUX LEAKAGE

RELATED APPLICATIONS
100011 This application claims the benefit under 35 USC 119(e) of U.S. Provisional
Application No. 62/371,996, filed on August 8, 2016, which is incorporated herein by

reference in its entirety.

BACKGROUND OF THE INVENTION

ro0021  Ferromagnetic materials, such as iron, nickel, steel and other materials, are used
to make many structures, such as beams in buildings, pipes, parts of machinery or vehicles,
and ocean vessel hulls, to list a few examples. As used herein, “ferromagnetic materials”
include both ferromagnetic and ferrimagnetic materials. These matenials have hysteretic
properties, which allow them to retain residual magnetic fields and to become permanently
magnetized. As used heretn, “permanently magnetized” refers to aligning magnetic
domains to create an internal residual field which remains without the presence of any
external field. In many cases, these materials are subject to fatigue, corrosion and/or
erosion. As used herein, corrosion means loss of material as a result of chemical reaction,
most commonly oxidation. As used herein, erosion means loss of material as a resultof a
mechanical process, such as abrasion. For exarmple, sand produced in oil or gas wells can
abrade the inside of a pipeline carrying oil or gas from the well. Material loss due to
corrosion and/or erosion is collectively referred to herein as a “defect.” As used herein, the
term defect also includes a crack, or a void or inclusion of foreign material, such as might
occur during manufacture or later. In addition, defects can also occur due to fatigue and
wear. If allowed to proceed beyond a critical point, defects may lead to catastrophic

failures such as collapse or an oil spill.

(00031 Visual inspection for defects in ferromagnetic structures is typically not
practical for structures that are hidden from sight. For those instances where visual
inspection is practical 1t will find the most obvious damages not the subtle ones. Therefore,
various apparatus and non-visual methods have been used in the prior art in attempts to
detect defects in ferromagnetic structures and items made of ferromagnetic materials. Some
of these apparatus and methods require removing thermal insulation and striping off
corrosion inhibiting surface treatments to gain direct access to a surface of the

ferromagnetic material. In some cases, the surface must be polished to create a pristine
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interface to a sensor or wave propagation from the sensor. These steps are costly, time-

consuming and often compromise the thermal insulation and/or the surface treatments.

(00041  Some prior art apparatus and methods involve magnetometry in attempts to
detect defects in ferromagnetic materials. For example, U.S. Pat. Nos. 8,542,127 and
8,447,532, both by Valerian Goroshevskiy, et al | disclose using the inverse
magnetostrictive Villari effect. The inverse magnetostrictive Villari effect involves changes
in a material's magnetic susceptibility under applied mechanical stress. If a structure suffers
a defect, the structure's magnetic susceptibility when the structure material 1s mechanically
stressed, for example when the structure is pressurized, is different than when the structure
15 not mechanically stressed. The Goroshevskiy patents rely on detecting this change in
magnetic susceptibility as pressure within the structure changes. Thus, energy must be
introduced into the structure in the form of pressurizing the inferior of the structure. Some
structures rematn unused, and therefore unpressurized, for periods of time during which
defects may develop. Other structures, such as ship hulls or structural elements, do not lend
themselves to known pressurization cycling. However, without pressurization, the
Goroshevskiy apparatus and methods cannot detect these defects. Furthermore,
Goroshevskiy can determine a defect's location only along the length of a structure;

Goroshevskiy cannot determine the defect's location circumterentially around the pipe.

[0005] Two more recent patents, US 9,651,472 and US 9,651,471, disclose
characterizing defects using magnetic flux leakage (MFL) from ferromagnetic pipes. These
patents describe an approach in which arrays of magnetometers disposed about a surface of
the ferromaguetic material to sense its magnetic field. This yields magnetic flux data that
can be rendered into two-dimensional maps. A pattern matcher can then be used to

identity defects.

r00061  MFL technique is an established technique. For exarple, see Miller,
“Prediction of Dent Size using Tri-axial Magnetic Flux Leakage Intelligent Pigs”,
Document Id: NACE-07138, NACE International, 2007, Note that PIG 1s an acronym for
Pipeline Inspection Gauge. Miller’s review article points out use of MFL techniques that
primarily collect data on-skin or near-skin from defects on ferromagnetic pipes.

[0007] Transkor Group, Inc,, from Houston, TX, and Energodiagnostika, a Russian
company, have developed methods, classified as large standoff magnetometry (LSM) for

passively measuring the magnetic flux leakage of defects at farge standoff distances.
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SUMMARY OF THE INVENTION

(00081 This invention concerns a method and a system to create and use pre-
magnetized ferromagnetic structures, where magnetic field direction rotates with depth,
and analyze the nature of defects in the structures. These structures may be accessible or
not directly accessible. Examples include analyzing the magnitude and direction of MFL
from magnetized pipes or other man-made objects or equipment that are buried

underground, or in buildings, or in machinery or vehicles.

100091 The system and method involve a permanent induced magnetization process of
ferromagnetic structures, carried out to the saturation point to overwhelm the intrinsic
magnetic fields in the structures. The intrinsic fields are due to the structures’ internal
tields induced by earth’s magnetic field and parasitic fields caused as a byproduct of
manufacturing of the structures. Parasitic components of the intrinsic field may occcur
during manufacturing because individual magnetic dipoles in iron, for example, may
partially align with the Earth's maguoetic field after cooling below the Curie temperature
when cast or hot-rolled in the foundry. The permanent magnetization to overwhelm the
intrinsic magnetization basically eliminates the effect of intrinsic fields for subsequent
measurements. The permanent magnetization along a structure is induced as two residual
magnetic field directions: typically axial or longitudinal and circumterential or lateral, for

example.

roo101  In an axial magnetization process, the magnetic field is induced by surrounding
the structure with Helmholtz-type or solenoidal coils and passing current through the coils.

The axial magnetic field thus created is constant along the structure and its cross-section.

roo11}  In a circumferential magnetization process, the magnetic field is induced by
passing current of uniform density (amperes per square meter) along the structure for
cylindrical geometries. The circumferential magnetic field, along the tangent to the
circumference, varies linearly from being the highest on the outer edge of the structure to

zero 1n the interior edge of the structure.

roo121  If the axial and circumferential magnetization processes are carried out
simultaneously on a hollow cylindrical structure, the residual field on the skin of the
structure will be about 45 degrees off the cylindrical axis. The internal residual
magnetization will be purely axial, 0 degree off-axis. Thus, the field will vary from 45

degrees off-axis on surface to O degree off-axis (purely axial) with depth.
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100131 In another method, which 13 the preferred method, circumfterential
magnetization may be carried out after first performing axial magnetization, which will
result 10 erasing the axial field on surface of the skin but will have zero etfect inside the
structure. Thus, the field will vary from 90 degrees off-axis on surface skin {(purely

circumterential} to 0 degree off-axis (purely axial} with depth.

i0o141  There are other ways of generating a magnetic field that rotates with depth. For
example, generating high frequency alternating H-fields near the structure will induce a
permanent magnetization with a depth dependency within the structure due to the skin

effect.

100157  One or more magnetometers, such as magnetometer arrays (of preferably 3-axis
magnetometers), located on or near the surface of structures or at large or small standoff
distances, measure magnetic flux emanating and leaking from the structures at their
surface. In defect-free structures, the circumferential and axial fields will not leak from the
ferromagnetic structure. As a defect grows and deepens, the direction of the magnetic flux
leakage emanating from the structure, § {angle along the axis), will change in proportion to
the defect depth. In other words, the nature of the defect (e g., depth, cross-section of the
defect and volume) will lead to varying measurement direction/pattern of the magnetic

flux.

(0016} In general, according to one aspect, the invention features a method for
analyzing ferromagnetic structures. This method comprises permanently magnetizing the
structures to create a residual magnetic field that varies in direction as a function of depth
in structures. Then, the direction of the magnetic flux leakage is detected. The direction of

the magnetic flux leakage is analyzed to identity defect dimensions in the structure.

[0017] In the current embodiment, permanently magnetizing structures comprises
magnetizing the structures in a predetermined direction. Then, they are permanently

magnetized to create a magnetic field that varies as a function of depth in the structures.

100181 In atypical case, a structure is first magnetized with a uniform magnetic field in
the axial or longitudinal direction. Second, the structure 1s permanently magnetized 1o the
circumferential direction with strength that varies with depth. The circumferential field
completely erases the axial field on the top of the structure, generated in the first axial
magnetization step. But inside the structure the axial field generated in the first step

remains intact. After the two magnetization steps are complete, the net residual magnetic
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field, vector sum of axial and circumferential components, will vary in strength and
direction from top of the surface of the structure to inside the structure.

e

(00191  When analyzing the flux leakage, to identify defects, both the magnitude of the
leakage and its direction are detected. The direction of the detected leakage is then related
to defects and specifically the depth of those defects in the structure at small or large

standoffs.

100201 In general, according to another aspect, the invention also covers a method for
permanently magnetizing ferromagnetic structures to facilitate analysis. This method
includes permanently magnetizing structures with a first magnetic field in a predetermined
direction. Then, the structures are permanently magnetized with a second magnetic field
that varies as a function of depth in the structures. In this way, the structures can be later
analyzed for defects and the depth of those defects can be determined based upon the

direction of the magnetic flux leakage measured at small or large standoffs.

100211 The method also covers using permanently magnetized ferromagnetic structures
to facilitate analysis without regard to how the magnetization is induced, but with the
requirement that magnetization vary with depth, or possibly another dimension. The
magnetization can also be performed in-situ. In this way, the structures can be later
analyzed for defects and the depth of those defects can be determined based upon the

direction of the magnetic flux leakage measured at small or large standofts,

ro0221  In general according to another aspect, the invention features a system for
analyzing terromaguetic structures. This system comprises a magnetization system that
permanently magnetizes structures to create a permanent magnetic field that varies as a
tunction of depth in the structures. An analysis system then detects the direction of the
magnetic flux leakage from the structures and analyzes the flux leakage to identify defects

in the structures.

100231 The systern can also comprise using permanently magnetized structures
regardless of how the magnetization is induced as long as the permanent magnetic field
varies as a function of depth in the structures. The magnetization can also be performed in-
situ. An analysis system then detects the direction of the magnetic flux leakage from the

structures and analyzes the flux leakage to identity defects in the structures.
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100241 The above and other features of the invention including various novel details of
construction and combinations of parts, and other advantages, will now be more
particularly described with reference to the accorapanying drawings and pointed out in the
claims. It will be understood that the particular method and device embodying the
invention are shown by way of tllustration and not as a linutation of the invention. The
principles and features of this invention may be emploved in various and numercus

embodiments without departing from the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
100251 Inthe accompanying drawings, reference characters refer to the same parts
throughout the different views. The drawings are not necessarily to scale; emphasis has

instead been placed upon illustrating the principles of the invention. Of the drawings:
(00261 Fig. 1is a flowchart showing pre-conditioning ferromagnetic structures and
eventually characterizing defects using MFL data, according to the invention.

100271 Fig. 2A is a schematic perspective view showing an axial magnetization system

for axially magnetizing a structure, where. & and 7 denote magnetic field and current,

respectively,
rcozgtl  Fig 2B is a schematic cross-sectional view of the structure showing the axial

residual magoetic field as viewed from the left end of the structure in Fig. 2A.

100291 Fig. 3A is a schematic perspective view showing a circumferential
magnetization system for circumferentially magnetizing the structure, where B and 7 denote

magnetic field and current, respectively.

100301 Fig 3B is a schematic cross-sectional view of the structure showing the

circumferential magnetic tield as viewed from the left end of the structure in Fig. A

(00311 Fig. 415 a schematic perspective view of the geometry to measure MFL from a

structure, along with the coordinate system.

100321 Fig. 5is a schematic perspective view of a magnetometer array almost
encircling the skin of a structure to make MFL measurernents. Although pictured on the
skin in this figure, this method of determining the defect depth by measuring flux direction

will work at far-field standofts as well.
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100331 Fig 6A1s an idealized schematic perspective view showing the rotation of the

residual magnetic field direction as a function of depth in a pre-conditioned structure wall.

(002341 Fig. 6B is a contour plot of measurement data showing the radial component of
the MFL (B) for a shallow interior and exterior defect as one views the structure in a radial
direction, looking down. Note that the pattern suggests the direction of the MFL for these

two defects are rotated with respect to each other.

100351 Fig 7 shows contour plots of measured data for all three MFL components as a
defect develops in time, . The values plotted are on the xy-plane forr =31, 49, 183, 321
and 394 minutes into the etching process which creates the defect. The direction of the
magnetic tflux leakage (B) 1s identified in the B, contour plots (i e, surface plots projected

on the xy-plane).

100361 Fig 81is a flow diagram showing the operation of the controller of the MFL

systermn.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
100371 The invention now will be described more fully hereinafter with reference to
the accompanying drawings, in which tlustrative embodiments of the invention are shown.
This invention may, however, be embodied in many different forms and should not be
construed as himited to the embodiments set forth herein; rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the
scope of the invention to those skilled in the art.

100381 Asused herein, the term "and/or" includes any and all combinations of one or
more of the associated listed items. Further, the singular forms and the articles "a", "an"
and "the" are intended to include the plural forms as well, unless expressly stated
otherwise. It will be further understood that the terms: includes, comprises, including
and/or comprising, when used 1o this specification, specify the presence of stated features,
integers, steps, operations, elements, and/or components, but do not preclude the presence
or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof. Further, it will be understood that when an element,
including component or subsystem, is referred to and/or shown as being connected or
coupled to another element, it can be directly connected or coupled to the other element or

intervening elements may be present.
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r00391  In general, a system and associated methodology are disclosed for detecting
terromagnetic structural characteristics, such as defects, by analyzing MFL data from
arrays of 3-axis magnetometers, either atfixed to the skin of pre-magnetized structures or
located at a standoft distance from the pre-magnetized structures. The system and
methodology can also characterize the nature (e g , depth and volume) of defects, which is
crucial for judging the severity of defects so that potential catastrophic fatlures can be

avoided.

(00401 Fig. 1 shows the pre-conditioning of ferromagnetic structures and
characterization of defects using MFL data, according to the principles of the present

invention,

roo41y  Instep 100, the ferromagnetic structures are pre-conditioned by strongly and
permanently magnetizing them. This pre-conditioning can occur before they are installed,
for example, as sections of a pipeline, or it may be used in-situ on previously installed
structures. Of course, this can be applied to other structures. For example, in other
examples the structures are part of a building, factory, or other facility or machinery, such
as a wind turbine. In still other examples, the structure could be part of a vessel such as the

hull of a ship or mining machine.

(00421  This pre-magnetization of the structures ensures that once a defect occurs, the
magnetic field of the structures will be perturbed and the perturbation will manifest itself
as MFL from the defect. Strong pre-magnetization ensures that the structures are
standardized to have a well-defined magnetization and its strength and direction

overwhelms any pre-existing weak intrinsic magnetic fields in the ferromagnetic structures.

100431 The structures are first strongly magnetized axially using an axial magnetization
system 200, More generally, however, this magnetization could be performed in a number
of directions. The critical characteristic is that the structures are given a uniform

magnetization in a known direction.

rco441  The structures are then circumferentially magnetized using a second, e.g.,
circumferential) magnetization system 300, More generally, however, the critical
characteristic is that the direction is different than the first magnetization, and its strength
varies with depth. The net result is that the direction of the magnetic field now has a

depth-dependency.
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ro0451  Instep 110, the structures are continuously or periodically monitored for MFL
leaking out of nascent defects. The monitoring of axial and circumferential MFL is carried
out by a magnetometer or an array of magnetometers collecting data at different points
along the structures, such as pipelines. The magnetometers can be in contact with the

structures or at standoff distances.

foo461  Instep 120, the direction of the MFL is extracted from the measurement data
and used to determine defect depth. Once defect depth is determined from the MFL
direction, classical methods can be used to disambiguate defect depth and volume in the far
field, and then defect area can be estimated. Typically, this process is performed by a
controller or by a workstation that is provided with the data collected from the

magnetometer or array of magnetometers

r00471  If 1t 1s established that defects are a danger to surroundings, in step 130

corrective action is undertaken.

ro0481  Fig. 2A shows the axial magnetization system 200 for generating the axial field
(£} 210. The structure 202 1s wrapped with Helmholtz or solenocidal coils 214 of the axial
magnetization system 200, Turning on the current source 226 passes current through the
coil wires 214, generating an axial magnetic H-field along the pipe 202 as shown. This H-

tield should be sufficiently strong to saturate the ferromagnetic material.

(00491 Following Ampere’s Law, the magnetic field is perpendicular to flow of current

({3212, Here the axial field is generated by circumferentially passing the current.

roos0)  Fig 2B shows the cross-section of a structure 202 as viewed from its tail end
(left side). The annular region 204 has an outer radius 206 and an inner radius 208. The

symbols ® 210 denocte that the axial B field is pointing into the paper.

ro0511  Fig. 3A shows the circumferential magnetization system 300 for generating the

circumferential field (8) 310 by axially passing current 312 through the structure 202,

100521 The brackets 320 are installed at each end of the structure and connected to a
current source 226. Turning on the axial current, generates the circumferential field 310.
The strength of the circumferential field at the outer edge 206 of the structure should be of
sufficient strength to saturate the ferromagnetic material out of which the structure is made.
This overwhelrs the field generated by the axial magnetization step at the outer surface,

while leaving the axial magnetization intact at the inner surface.
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100531 Fig 3B shows the cross-section annular region 204 of the structure 202 as
viewed from its tail end (left side}. Because of Ampére’s Law, the circumferential field
talls off being the strongest at the outer surface of the annular region to completely
vanishing to zerc at the inner radius 208. The reason for this is that the enclosed current
decreases from maximum to zero as the enclosing radius varies from 206 (outer edge) to

208 (inner edge). The symbols @ 306 denote that the current is flowing into the paper.

100541 The net residual field will be a vector sum of axial and circumferential
components and will rotate from being almost completely axial (x in Fig. 4} at the inner
radius to being almost completely circumferential (v in Fig. 4) at the outer radius edge of

the structure.

100551  There are other ways of generating a magnetic field that rotates with depth. For
example, inducing generating high frequency alternating currents H-fields near in the
structure will push induce the current to flow a permanent magnetization with a depth
dependency within the structure due to the skin etfect. Thus, the residual field can be

manipulated to rotate with depth.

(00561 Fig. 4 shows the geometry of the measurement setup and an orthogonal
coordinate system 400, The geometry is for a general standott (5} 230 where the standoff
is the distance of the detector {magnetometer array} trom the defect 220 on the structure. If
§is zero, the measurement will convert to on-skin measurement. The orthogonal

coordinate system is defined such that x-axis 410 is along the length of the structure. The
z-axis 420, towards the detector array 1400, is termed the radial axis. The y-axis is denoted

as 430, and is termed the circumferential axis.

100571 Fig. 5is a schematic of an embodiment of a magnetometer array 1400 setup to

carry out an on-skin measurement of MFL from a structure 202, The magnetometer array

communicates with controller 1500,

(00521 In general, the controller 1500 analyzes both the magnitude of magnetic flux
leakage and the direction of the leakage from each of the 3-axis magnetometers of the array
1400 to assess the structure and defects in the structure. The controller 1500 analyzes the
detected MFL as a function of position on the structure 202 and potentially over time and

determines characteristics of the structure such as defects.

10
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r00591  Fig 6A shows an idealized schematic of the direction of the residual field
inside a pre-conditioned structure. If a defect were to form in the structure depicted in Fig.
6A, the direction of MFL would correlate to the depth and origin of the defect. For
example, from a superficial defect on top surface, z = 7, of the structure, MFL would leak
out in the y-direction. If the defect proceeds to get deeper towards bottom, z = 0, the

direction of leakage would rotate continuously towards the x~direction.

rco601  If on the other hand a defect started from the bottom, z = @, the opposite would
occur. The flux would start leaking in the y-direction and rotate towards x-axis as the

defect grew deeper.

100611  As aresult, the controller 1500 (Fig. 5), equipped with analysis software /
hardware, can perform depth assessmuent of any defects from far-field distances (i.e.,
distances much larger than the defect)} by tracking the direction of the magnetic flux at each
poiut along the structure. In other words, two defects of same volume but of different
depths would vield MFL oriented differently. Traditionally, non-directional MFL only

yields volume of defects whereas the technique here would also yield their depths.

rocoe21  Fig 6B is actual measurement data of MFL from an interior and an exterior
defect which are. The leakage from interior defect is mostly axial whereas the leakage

tfrom exterior defect is mostly circumferential in direction.

(00631 Fig. 7 shows MFL data collected from an internal defect as it progresses. The
defect is caused by etching the structure chemically. The depth of defect increases as time
increases. The values plotted are in the form of contour plots (bottor row) of By, B, and
B, respectively, on the xy-plane at 7 =31, 49, 183, 301 and 394 minutes of etching. The
general observations are that radial 5. “lobes” rotate, axial 5, goes from even function to
guadrupole and B, goes from quadrupole to even function as the etch gets deeper with time.
This is consistent with what one would expect to see as the MFL leakage direction rotates

with depth.

ro0641  Clearly, the experimental results indicate that characteristics of defects are
strong determinants of the observed MFL magnitude and direction. Specifically, the
direction of the MFL is a strong determinant of the depth of the defect. Indeed, observed
MFL can be parameterized in a functional relationship that relates measured MFL to
parameters standoff distance, volume and depth of defect, and variables x, y and z. of the

coordinate system.

11
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100651 Fig 81s a flow diagram illustrating the operation of the controlier 1500 or other
computer system that has access to the magnetic MFL magnitude and direction collected

by the three axis magnetometer array 1400 over the extent of the structure.

(0066} In more detail, the controller 1500 collects magnetometer raw data tn step 1510,
The data will be spatial maps of the magnitude of MFL along the three directions. The

maps should preferably cover the entire extent of the structure 202,

100671  The data are then used to compute the direction of the MFL signature in step

1520, MFL direction is then used to compute defect depth.

(0068]  Then in step 1530 classical MFL techuiques are used to compute volume n far-
field or area in near field. This information is augmented with depth information
determined in 1520 to accurately size defect. This process is carried out at various time
intervals to monitor progress of defects in step 1540, Finally, this process must be carried
out concurrently at various locations along the structure for complete assessment of
potential fatlure,

(00691  While this invention has been particularly shown and desecribed with references
to preferred embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein without departing from the scope

of the invention encompassed by the appended claims.

12
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CLAIMS

What is claimed is:

1. A method for analyzing ferromagnetic structures, comprising:
permanently magnetizing the structures to create a permanent magnetic field that
varies as a function of depth in the structures;
detecting direction of magnetic flux leakage; and

analyzing the tlux leakage to identity defects in the structures.

2. A method as claimed in claim 1, further comprising permanently magnetizing

the structures with a first magnetic field in a direction.

3. A method as claimed in claim 2, wherein the magnetic structures are first

b &
permanently magnetized with the first magnetic field in the direction and then
permanently magnetized to create a permanent magnetic field that varies as a

function of depth in the structures.

4. A method as claimed in claim 1, wherein permanently magnetizing the
structures to create the permanent magnetic field that varies as with depth

comprises magnetizing the structures in a circumferential direction.

S. A method as claimed in claim 1, wherein permanently magnetizing the
structures in the direction comprises magnetizing the structures in an axial

direction.

6. A method as claimed in claim 1, wherein analyzing the flux leakage to identify
defects in the structures comprises detecting flux leakage and direction of the

leakage trom the structure.

7. A method as claimed in claim 1, further comprising relating flux leakage and the
direction of the leakage from the structure to defects and depth of the defects in the

structure.

8. A method for permanently magnetizing ferromagnetic structures to facilitate

analysis, comprising:

13
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permanently magnetizing the structures with a first magnetic field in a direction;
and then
permanently magnetizing the structures with a second magnetic field that varies

as a function of depth in the structures.

9. A method as claimed in claim 8, wherein the first magnetic field is a uniform

magnetic field over an extent of the structure.

10. A system for analyzing ferromagnetic structures, comprising:

a structural magnetization system that permanently magnetizes the structures 1o
create a permanent magnetic field that varies as a function of depth in the
structures,

an analysis system that detects direction of magnetic flux leakage from the

structures and analyzes the flux leakage to identify defects in the structures.

Pl A system as claimed in claim 10, wherein the structural magnetization system
comprises a first magnetization system for magnetizing the structures in a

predetermined direction.

12. A system as claimed in claim 10, wherein the structural magnetization system
further comprises a second magnetization system that generates a depth dependent

magnetization in the structures.

13. A system as claimed in claim 10, wherein the analysis system detects flux

icakage and direction of the leakage.

14, A system as claimed in claim 13, wherein the analysis system relates flux

leakage and the direction to defects and depth of the defects in the structure.

15. A system for permanently magnetizing ferromagnetic structures to facilitate
analysis, comprising:
a first magnetization system for permanently magnetizing the structures with a
first magnetic field in a predetermined direction; and then
a second magnetization system for permanently magnetizing the structures with

a magnetic field that varies as a function of depth 1n the structures.

14
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16. A structure which is permanently magnetized to facilitate analysis with a

magnetic field that varies as a function of depth in the structure.

15
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