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Abstract

This thesis deals with material testing by magnetic particle inspection. The main
objective is, with the help of theoretical analysis, to contribute to a better under-
standing of the physical mechanisms that apply in this process and to draw con-
clusions that can be directly used in practice in the design of test equipment. In
particular, three topics are covered: magnetic field measurement, automated mag-

netic field evaluation and magnetic field generation.

Magnetic field measurement is an important mechanism for verifying the de-
tection ability of magnetic particle inspection. In the thesis the common practice,
based on the recommendations given by the standards, is discussed and the pos-
sibilities of how to make these procedures more efficient and faster by introducing

vector measurement of the tangential magnetic field components are suggested.

Through the theoretical analysis of the physical mechanisms applied in the pro-
cess of the formation of indications, a force impulse is introduced as a standard
quantity for the evaluation of the generated magnetic field. The new method of
evaluation of the magnetic field is based on vector measurement and the subsequent
calculation of the force impulse on the detection particle. The proposed method
also makes it possible to predict the influence of various factors on the quality of the
indication. The ISO standard requires that magnetizing currents with a crest factor
greater than three shall not be used without documented evidence of the effective-
ness of the technique. However, the method of evaluation using impulse predicts
a negligible effect of the crest factor of magnetizing currents on indication quality.
The influence of the crest factor on the quality of the indications was experimentally

investigated with results consistent with the impulse evaluation theory.

The last part of the thesis concerns magnetization methods for the detection
of arbitrarily oriented defects. A method providing uniform detection capability in
all directions using only a single-channel source of direct or alternating current is
proposed. This magnetization method uses time-multiplexing between current loops

and leads to a simplification of the test equipment design.
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Abstrakt

Tato prace se zabyva materidlovym testovanim magnetickou metodou préaskovou.
Hlavnim cilem je za pomoci teoretického rozboru prispét k lepsimu porozumeéni
fyzikalnim mechanismum, které se uplatnuji v tomto procesu a vyvodit zavéry, které
lze piimo vyuzit v praxi pfi navrhu testovacich zatizeni. Zejména jsou v praci reSena
tfi témata: meéfeni magnetického pole, automatické vyhodnocovani magnetického

pole a generovani magnetického pole.

Meéteni magnetického pole je jednim z dilezitych mechanismu pro ovérovani de-
tekéni schopnosti magnetické metody praskové. Proto je v praci diskutovana bézna
praxe vychazejici z doporuceni norem a déle je feseno jak tyto postupy zefektivnit

a zrychlit zavedenim vektorového méreni teénych slozek magnetického pole.

Teoretickym rozborem fyzikalnich mechanismu uplatnujicich se pfi procesu for-
movani indikaci, je stanoven impuls sily jako smérodatnd veli¢ina pro vyhodnoceni
generovaného magnetického pole. Nova metoda vyhodnoceni magnetického pole
je zalozena na vektorovém méfeni a nasledném vypoctu impulsu sily na detekéni
¢astici. Navrzend metoda umoznuje predikovat vliv ruznych faktoru na kvalitu in-
dikace. ISO norma pozaduje nepouzivat magnetizacni proudy s Cinitelem amplitudy
vétsim nez tii, bez dokumentovanych dukazu o funkcénosti techniky. Metoda vy-
hodnoceni kvality indikaci za pomoci impulsu nicméné predikuje zanedbatelny vliv
amplitudového ¢initele magnetizacnich proudu na kvalitu indikace. Vliv amplitu-
dového cinitele na kvalitu indikaci byl experimentélné prozkouméan s vysledky v

souladu s teorii vyhodnocovani magnetického pole za pomoci impulsu.

V zaveretné Casti je feSeno to jak generovat magnetické pole pro detekei libo-
volné orientovanych defektu. Je zde navrzena metoda poskytujici uniformni detekéni
schopnost ve vSech smérech vyuzivajici pouze jednokanalovy zdroj stejnosmérného
nebo stiidavého proudu. Tato magnetizacni metoda vyuziva ¢asovy multiplex mezi
magnetizacnimi proudovymi smyckami a vede ke zjednoduseni syntézy magnetického

pole a tedy i ke zjednuSeni navrhu testovacich zarizeni.
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1 | Introduction

Nondestructive testing (NDT) can be defined as an examination, test, or evalu-
ation performed on any type of test object without changing or altering that object
in any way to determine the absence or presence of conditions or discontinuities
that may have an effect on the usefulness or serviceability of that object [1]. In
terms of methods and techniques NDT relies on different physical phenomena such
as electromagnetism, an acoustic emission, thermal emission or the penetration of
high-energy radiation through materials and structures [2]. NDT plays an impor-
tant role in industry, especially in areas such as quality control of the production
process, reduction of production costs, or increasing the manufacturer’s reputation
as a producer of high quality goods. Furthermore, NDT is also applied in struc-
tural health monitoring, which helps to prevent accidents and ecological disasters,
or strategic device failures.

NDT methods are widely used and the market is estimated to reach 24.3 billion
USD by 2027 and to exhibit a compound annual growth rate (CAGR) of 6.5 % over
the next eight years according to a study published by Grand View Research [3] in
2020. With growing budgets, it seems promising to scientifically explore this field.

Magnetic Particle Inspection (MPI) is one of the most widely used NDT meth-
ods. Of the many different NDT techniques used in industry, liquid penetrant and
magnetic particle testing account for about one-half of all NDT [4]. MPI can reveal
surface discontinuities in ferromagnetic material, including those too small or too
tight to be seen with the unaided eye. Magnetic particle indications formed on the
surface of tested object above a discontinuity shows the location and approximate
size of the discontinuity. MPI can also reveal discontinuities that are slightly below
the surface [5].

The research areas addressed in this thesis are chosen to fill gaps in theory

which were discovered during the author’s work on the project aimed at the MPI



1 Introduction

test bench unit design. The goal of the project was to design a test bench unit
capable of arbitrarily oriented defects detection in one MPI cycle. At the early
phase of the project the generated magnetic field was evaluated by standard QQI
gauges, and the initial idea was to generate a rotating magnetic field with circular
or elliptical polarization to get multidirectional detection ability. The evaluation
process of the generated magnetic field by QQI gauges was very slow and unsuitable
for fast optimization. The solution was to perform vector measurements of the
magnetic field to get accurate information about magnetic field distribution. After
the first measurements, it was clear that the magnetic field of polarizations other
than elliptical can produce a multidirectional indication on the QQI gauge. The next
task was to find a metric that would evaluate the magnetic field without using gauges
and would tell if the defects of all orientations would be detected. By theoretical
analysis, the impulse of the magnetic force was introduced as a key quantity to
evaluate magnetic field for MPI because it takes into account magnetic force on a
detection particle and its duration. The results predicted by the impulse theory do
not always agree with recommendations given by standards. It was needed to closely
examine these areas, specifically the impact of the crest factor of thyristor regulated
currents on the quality of indication. Finally it was necessary to deal with the
generation of magnetic field with omnidirectional detection ability on the complex
surfaces meant to be tested. A method of generating a magnetic field capable of
detecting defects of all orientations was developed. This method requires only a
single channel AC or DC source.

Although MPI has been widely used for many years, the physical processes are
still not fully understood, and many empirical relations are used to design testing
equipment. Therefore, the thesis aims to provide a theoretical background in chosen
parts of the MPI and improve understanding of the process mainly in three areas:
magnetic field measurement, magnetic field evaluation and magnetic field generation.

The main goals of the thesis are summarised in the following list:

1. Define the requirements for the magnetic field measurement to get relevant
information for the evaluation of MPI performance. Design an instrumentation

that meets the requirements.

2. Find a method suitable for fast automated magnetic field evaluation.
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3. Define a methodology of automated settings of magnetization currents to

achieve omnidirectional detection ability.

The thesis is written as a compilation of papers with linking comments. The
chapter State of the Art contains a review of current knowledge. The core of the
thesis is in the chapter called Results, which consists of a summary of the papers,
a reference to the appropriate paper and additional comments, discussions and de-
tailed information which were not published in the papers. There are three parts
in the Results chapter corresponding to the main topics of the thesis. The chapter

entitled Conclusion summarizes the obtained results.

Disclaimer: In this thesis, the term magnetization is not used as it is defined
in classical electromagnetic theory, but in a more general way commonly used in

magnetic testing (MT), referring to the magnetic state of an object under test.
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2 | State of the Art

Magnetic particle inspection is a non-destructive testing method for the detection
of discontinuities in ferromagnetic materials. The MPI process consists of a magnetic
flux leakage (MFL) method followed by a visual inspection. The object being tested
is magnetised, and detection particles are applied to the surface at the same time.
The magnetic field in the tested material is interrupted by a potential discontinuity,
and the magnetic leakage flux is generated around the discontinuity. The leakage
field is inhomogeneous thereby causing applied ferromagnetic detection particles to
be attracted to the discontinuity and gather around the discontinuity to form an
indication. Indications are then evaluated under ultraviolet (UV) light. In figure 2.1

examples of an MPI test bench unit and MPI indication can be seen.

(a) Example of MPT test bench unit (https://atg.cz/) (b) Example of MPI indication

Figure 2.1: MPI test bench unit and MPI indication


https://en.atg.cz/

2 State of the Art

2.1 Magnetic Field Measurement

The recommendations on how to measure magnetic field for MPI can be found in
both ISO and ASTM standards. The standards specify only a basic measurement
procedure by a single-channel (scalar) gaussmeter. The standards recommend ori-
entation, dimensions and liftoff of the Hall effect element. The process described by
the standards does not cover the general case of vector measurement (measurement

of both tangential components of magnetic field).

ISO 9934-3 [6] recommends using Hall probes and to consider the orientation
of the probe. The plane of the field sensitive element should be kept normal to
the surface. If the field varies strongly with height above the surface, it might be
necessary to make two measurements at different heights to deduce the value at the
surface. To determine the direction and magnitude of the field, the probe shall be
rotated to give the maximum reading. Measurement accuracy should be better than
10 %.

ASTM standard E709-15 [7] recommends calibrating Hall effect gaussmeters ev-
ery six months. A Hall effect sensor should be positioned within 5° of perpendic-
ularity to the tested part. More than one measurement should be taken to ensure

consistent readings.

ASTM standard E1444-16 [8] defines the area of the Hall effect probe not to be
larger than 5.1 mm by 5.1 mm and should have a maximum centre location 5 mm
from the surface. The plane of the probe must be perpendicular to the tested surface
within 5°. A holder should be used when performing a magnetic field measurement.
The gaussmeter should have a response of 300 Hz or higher. Lack of effective band-
width could have a significant effect on the resultant value when measuring fields
generated by pulse-width modulated MPI equipment. The direction and magnitude
of the tangential field on the part surface can be determined by two measurements

made at right angles to each other at the same spot.
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2 State of the Art

2.2 Magnetic Leakage Field

MPI relies on leakage field generation around a defect when the tested object is
magnetized. There are several analytical models of leakage fields generated by de-
fects. The model based on surface magnetic dipoles was developed by Zatsepin and
Shcherbinin [9]. This model was later used by Dutta et al. [10, 11] to calculate the
three-dimensional distribution of the leakage field of cylindrical and cuboidal defects.
An analytical closed-form solution for the leakage field from a semi-elliptical defect
in a linear material has been published by Edwards and Palmer [12]. The article also
contains an expression for force components affecting a spherical detection particle.

Many simulations of leakage fields from different defects and magnetization meth-
ods have been carried out. A review of FEM simulations related to NDT magnetic
methods can be found in [13].

2.3 Magnetic Field Evaluation

Both the intensity and direction of a generated magnetic field for MPI should be
tested in order to achieve successful detection. Several approaches are used [5, 1,
14, 15, 16]:

e Pie Gauges
e QQI Shims
e Test Blocks
e Gaussmeters.

These standard indicators are pieces of soft magnetic material with defects of various
shapes and dimensions for system performance evaluation. Pie Gauge is one of the
most commonly used reference indicators. It consists of a high permeability disc

usually divided into six or eight triangular segments separated by gaps, as shown

7



2 State of the Art

Figure 2.2: Pie Gauge

in Figure 2.2. To protect the gaps, the surface is usually coated by a nonmagnetic
layer. The Pie Gauge is placed on the tested object during magnetization, and the
applied particles form an indication around the gaps. The Pie Gauge is constructed
of a high permeable material, therefore positive indications do not necessarily imply
an appropriate magnetic field on the tested surface [7]. The Pie Gauge should be

primarily used as an indicator of magnetic field direction.

Figure 2.3: Common slot shape of a QQI shims gauge

The Shims Discontinuity Standard (also called Quantitative Quality Indicator
(QQI)) consists of thin plates of ferromagnetic materials with artificial slots mimick-
ing defects which indicate the directions of the sufficient magnitude of the generated
magnetic field. Shims must be glued onto a tested surface before performance eval-
uation. Figure 2.3 shows slots of commonly used QQI gauges. Specifications of
dimensions and usage can be found in [7].

The other possibility of magnetic field evaluation is to measure the field by a
gaussmeter. Most MPI standards include instructions only for scalar magnetic field

measurements, i.e., measurements of the field in one direction. The minimal recom-
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mended value of the tangential field, which should be sufficient to achieve successful
detection, can be found in standards. The ASTM [7] standard recommends the min-
imal value of the tangential field to be 2.4kA/m. A slightly lower value 2kA /m is
recommended by ISO standards [17]. The value is not generally applicable as shown
by Raine et al. [18]. Their work proves that successful detection can be achieved by
fields of intensity lower than those recommended by the standards.

The standard indicators mentioned are the most commonly used, but generally,
any specimen with known defects can be used to evaluate MPI performance. Appli-
cation of these indicators is time-consuming and technically difficult because they
must be placed or fixed on the surface being tested before all the steps of the MPI
process are performed. These gauges do not show the exact value of magnetic field.
Moreover, it is difficult to verify the whole surface of the material, which should be
tested, and the verification of detection ability is limited to the defects of one par-
ticular width and depth. The advantage of these indicators over the magnetic field
measurement is the evaluation of performance of the whole MPI process, including
magnetic suspension quality and UV light characteristics.

When using electromagnetic yoke or permanent magnets, the magnetization force
can be checked by the lifting power on a steel plate. The lifting force is specified in
[7].

2.4 Magnetic Field Generation and Synthesis

The most important part of every MPI test is magnetization of the tested material.

Commonly used methods for magnetic field generation for MPI are [5, 19]:
e direct flow of current through the tested material
e indirect magnetization by coils
e magnetization by permanent magnets

e magnetization by yokes.
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Tested materials are magnetized by these methods so that the magnetic flux
lines are established within a material. A potential defect interrupts the magnetic
flux lines forcing some of the flux lines to leak outside the material, resulting in
a so-called magnetic flux leakage created above the defect. The leakage field is
inhomogeneous so the applied ferromagnetic detection particles are attracted to the
maximum of leakage field and gather around the defect and form an indication. A
magnetic field parallel (or close to parallel) to the defect does not create a leakage
field. Therefore, according to state of the art methods, a magnetic field should be
applied in all directions to detect defects of all orientations. This can be achieved by
a vector of the magnetic field rotating at a constant angular velocity and constant
magnitude, i.e., by a circular polarization of the applied field in a plane tangential
to the tested surface.

The generation of the circularly polarized tangential field to detect arbitrarily
oriented defects is described by Japanese researchers in [20]. The rotating field is
generated by a magnetizer which consists of six coils situated in the vertices of a
regular hexagon. The desired polarization of the field is achieved by passing alternat-
ing currents with proper phase shifts through the coils. A similar case is described
in [21] where only three coils are used. Measured magnetic field polarizations are
presented in both papers.

Much of the research effort in MPI has been directed towards establishing an
optimal magnetic field. The optimal applied field generated by the alternating and
half-wave rectified current for inspection of welds by magnetic field was investigated
by Massa [22]. Massa provided tables of minimum tangential field values to detect
subsurface defects for different ways of magnetization and current waveform types.

Oehl and Swartzendruber [23] measured the leakage field from cylindrical defects
in non-linear material. They found that the leakage field of the defect does not reach
the maximum for the applied field corresponding to the magnetization point of
maximal permeability. The applied field where the leakage field reaches a maximum
is greater.

There are many recommendations for specific scenarios based on calculations,
estimations, simulation and empirical results. There is a lack of generally applicable
recommendations on how to generate the magnetic field.

In [24], authors compare the fields generated by the conductor threaded through

10



2 State of the Art

a pipe. Magnetic field intensity on the surface was measured as a function of the
position of the conductor in the pipe. There is only a low variation of magnetic
field on the surface of the pipe if the conductor is of the central axis. Contrary to
the recommendations in the appropriate British Standards - if insufficient current
is available to magnetize a component using a central threading bar, there is no
advantage to be gained by the use of a non-central bar. It was shown that the
standard recommendations are not generally applicable and any generated magnetic
field must be carefully verified.

In [22], the tangential field on the surface of the steel plate was measured for
different magnetization methods (prod electrodes, electromagnetic yoke and coil
magnetization). Also, the possibility of detection of artificial subsurface defects of
different depths was tested. Alternating and single-phase half-wave rectified currents
were used.

A defect is optimally detected when a magnetic field is perpendicular to the
defect, the point where the strongest leakage field is produced [5, 7], but the ori-
entation of the defect is generally unknown. Several commonly used approaches to
magnetic field generation can be used to detect defects of all orientations.

The first method is to perform two full MPI cycles. In the first step, the tested
material is magnetized, usually by a yoke or prod electrodes in a certain direction,
and all remaining steps of MPI are performed. To detect all defects, the second
placement of a yoke or prods rotated by 90° from the first placement is necessary
[7, 5]. AC or DC currents can be used. An alternative to this is to rotate the sample
under test by 90°. Permanent magnets can also be used with some limitations
[1, 15, 7].

A second possible approach, known as multidirectional magnetization, is de-
scribed in [5]. Multidirectional magnetization can be achieved by several methods,
such as the simultaneous combination of different magnetization methods and cur-
rents: a combination of DC and AC magnetization, or, a combination of two AC
magnetizations. A complex example of how to perform multidirectional magnetiza-
tion by generating a rotating magnetic field using multiple coils is studied in [20].
The presented solution consists of many coils positioned around the circle powered
by three-phase voltage.

Multidirectional magnetization uses a field that changes its direction during the

11



2 State of the Art

magnetization phase. This approach is based on the intuitive assumption that once
the magnetic field flux density vector scans all directions, it becomes perpendicular
to any defect at a certain time, making it likely that the defect will be detected.
However, the defect can be detected even when the angle between the defect and
magnetic field vector is not 90°. A detection method using two MPI cycles to detect
arbitrarily oriented defects illustrates this. The angle is usually considered to be at
least 45° [1, 25].

12



3 | Results

The core of the thesis is based on three publications in journals with impact
factor. This chapter contains a short summary of papers and additional informa-
tion and comments not published in the papers. The papers are reprinted in the

Appendix - Author’s publications.

3.1 Magnetic Field Measurement

Measurement of magnetic field intensity on the surface of the tested material is
one possible way how to evaluate the detection ability of the MPI process. Unlike
the other evaluation methods, the magnetic field measurement by gaussmeter only
evaluates the magnetic field, not the other factors influencing the MPI process.
Other factors, such as the quality of detection suspension or UV light characteristics,
are not verified. Nevertheless, magnetic field intensity itself should be measured
and adjusted at least to satisfy the lower limits specified by the standards [7, 17].
Detection suspension and UV light can be checked independently. The advantage of
evaluating magnetic field by gaussmeter is that the verification process is very fast
and clean because the application of magnetic particles and evaluation under UV
light does not have to be performed. Also, the process of magnetic field synthesis
is much faster if only the magnetic field is measured after every current density
adjustment.

Commonly available gaussmeters are single-channel devices and, thus, measure
only one component of the magnetic field in the direction given by the orientation of
the Hall element in the probe. These gaussmeters usually do not provide complete

information about magnetic field intensity in time, only the RMS value calculated

13
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tested surface SO

Figure 3.1: Local coordinate system which is used for magnetic field measurement.
Plane defined by vectors 2’ and 2’ is a tangential plane to the tested surface.

over a certain integration period is available to the user. Single-channel gaussmeters
can be used to measure a magnetic field that does not change its direction in time.
The measurement must be repeated, and the probe rotated so that the direction
of the maximum value of the magnetic field intensity is found. If the magnetic
field changes its direction (multidirectional magnetization) it is very difficult to get
reasonable results using a single-channel gaussmeter. The probe can be step-by-step
rotated to obtain values of the intensity of the magnetic field in several directions.
Such a procedure has several significant disadvantages. First, to cover all directions,
a large number of measurements is needed, and a problem arises with the precise
orientation of the probe and its maintenance in the tangential plane to the surface of
the tested material. When performing such a measurement, it is very easy to miss the
direction with the minimum or maximum intensity. Single-channel gaussmeters are
insufficient for the measurement of magnetic field for multidirectional magnetization.
Another problem is that gaussmeters usually only show the RMS value over a certain
integration period. The intensity of the magnetic field does not have to be constant
during the entire magnetization period for thermal or mechanical reasons. This type

of measurement may not find such dependencies.

In order to obtain complete information about the magnetic field relevant for

the MPI process, it is necessary to measure both tangential components and record

14
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time-dependant waveforms for the entire magnetization period.

The local coordinate system for magnetic field measurement and evaluation used
in this thesis is shown in Figure 3.1. Magnetic field vector generally consists of three
components, but only 2’ and 2’ are relevant for MPI because these two components
are responsible for driving magnetic particles towards the defect on the tested sur-
face. The coordinate system is oriented so that vectors 2’ and 2’ are in the tangential
plane to the tested surface. For evaluation of detection ability in all directions, it is
necessary to measure both H,  and H, components of the magnetic field. If both
components of the magnetic field in the tangential plane are measured, the complete

information relevant for evaluation is captured.

Figure 3.2: First experimental version of a Hall probes holder

All the experiments presented in this thesis required magnetic field to be mea-
sured. A two-channel gaussmeter with the sufficient bandwidth and an interface for
a transfer of sampled signals to a PC was needed. Instrumentation which meets
all requirements is not available in the market so in-house design was needed. The
first version of the designed gaussmeter is described in [C1]. All the magnetic field
waveforms published in this thesis were measured by this gaussmeter or by the next
versions with some modifications and improvements.

The probes of the designed gaussmeter contains two Hall sensors soldered at
the PCB perpendicular to each other as shown in Figure 3.2. The local coordinate

system is always oriented so that the directions of vectors x’ and 2z’ correspond

15



3 Results

to the sensitivity directions of Hall probes. An analog signal from the probe is
amplified and the range of the signal is adjusted for the range of the internal analog
to digital converters (ADC) of the STM32F407 microcontroller. Two ADCs are
running simultaneously at 10 kHz. Direct memory access (DMA) is used to transfer
the samples from the ADCs to a buffer which is sent via USB VCP to PC for
processing.

Calibration of the gaussmeter in Helmoholtz coils was done as shown in block
scheme in Figure 3.3. The signal generated by the signal generator was amplified
by an audio amplifier. The value of magnetic field in Helmholtz coils was calculated

from the current running through the coils, which was measured by amperemeter.

Function . Helmholtz
Amplifier .
generator coil

Figure 3.3: Gaussmeter calibration scheme

The measurement of magnetic field is very important for the maximization of
performance of the MPI and should be done carefully. A field of low intensity or

incorrect direction can be responsible for a low percentage of detected defects.

3.2 Evaluation of Magnetic Field

The defect detected by the MPI is indicated by detection particles gathered around.
The detection particles are dragged towards the defect due to a force emerging in an
inhomogeneous leakage field. Impulse of magnetic force is therefore a key quantity
for evaluation of detection ability of MPI to be performed. The idea of evaluation
of magnetic field for MPI by calculating impulse was first published in [C2]. The
equation for impulse of magnetic force and experimental verification of the new
evaluation method can be found in [A1]. The method enables a fast and accurate

magnetic field test while neither requiring a QQI shims attachment to the surface,
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3 Results

nor any spraying with particles, nor any subsequent cleaning.

[A1] Pavel Stanék and Zbynék Skvor. “Automated Magnetic Field Evaluation for
Magnetic Particle Inspection by Impulse”. In: Journal of Nondestructive Eval-
uation 38.3 (2019). DOI: 10.1007/s10921-019-0615-4

The following equations and comments are related to [A1] but were not published
in the article. Equation 6 in [A1] for impulse of magnetic force has a different form
which can be used for further analysis of a minimum and maximum of the impulse
function. The position of the minimum and maximum can be obtained as a closed-
form expression. For general magnetic field vector H = (H,(t), H.(t)) the equation

for impulse can be rewritten as follows:

|J(k )| _ /to+T cOs(ﬁ)zﬂi + 2 cos(B3) sin(B)H, H, + Sin(ﬂ)2H3 dt —

to+T
= / cos(B)?HZ2 + sin(2B8)H, H, + sin(8)*H2 dt =
to

= (cos(5)2 / o HZ2dt + sin(20) / H,H.dt + sin(8)? / o det).

to to to

to+T

(3.1)

An equivalent equation for the sampled signal is:

—|J(k ) = COS2(B)TS;H§ + sin(2 ZHanzn+Sin2 Z
= cosz(ﬁ)Ts(Z H? Z ) + sin(20)T. Z HynH.n + T Z >

(3.2)

where T is the sampling period. The first derivative test is used to find extremes

of the impulse function:

d|J(dﬂ)|/k <ZH2 ZH2>T sin(25) —1—2(2[{ H )T cos(25) (3.3)
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aWEE
dp
(ZH2 ZHz) sin(26) = <ZH H)cos(2ﬁ)
1 2 H.H,
B:W;n—ﬁarctan(z }%"_an£>,;H§7ézn:H2 m € 7
(3.4)
If > H?=>5" H?Z then
™m

According to equation 3.4, there are four critical points in the interval from 0
to 2m. The function is periodic with period 7 and therefore the further analysis is
limited to this interval. A second derivative is used to determine whether there are

local extremes at the critical points:

d2|Jd(62)|/k v (ZH2 ZHQ) cos(283) — 4T, (ZH H ) sin(28)  (3.6)

The value of the second derivative at the critical points for m =1 is:

41 (3.7)

NN A AN
2TS(;H3—;H3> (Z(HQZ 212>

and for m = 2 it is:

5+ 1. (3.8)

A(z, )
(T

According to equations 3.7 and 3.8, the type of local extreme can be identified.

On the interval from 0 to 7 there is at most one maximum and at most one minimum.
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3.3 Magnetic Field Generation

3.3.1 Thyristor Current Control

Thyristor blocks are a popular choice for current regulation in MPI test bench units.
The regulation electronics are relatively simple and offer a sufficient resolution. Load
voltage and current can be controlled by adjusting the firing angles of individual
thyristors. Numerical simulations of current and voltage waveforms are used to
discuss specific details of thyristor regulation. Magnetization circuitry (coils and
transformers) are modelled as a serial connection of resistor and inductor as shown
in Figure 3.4. In MPI test bench units, the typical values of loads are units of ohms
(Q) and units or tens of milihenri (mH). Figure 3.5 shows simulated waveforms of
voltage and current on a serial RL circuit, where ¢, is the firing time of thyristor.
Figure 3.6 shows how the RMS value of current changes with firing time ¢,. It can
be seen that increasing t, above a certain value (given by the load) has no effect
because the current is continuously flowing all the time. The regulation possibilities
are, therefore, limited. Figure 3.7 shows how the crest factor (CF) changes with .

The curves are simulated for the same values of R and L as in Figure 3.6.

L R

_W_:li

N

d

1
(N 400V 50 Hz
()
N

Figure 3.4: Thyristor regulation circuit with coil /transformer modelled as RL
serial circuit
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Figure 3.5: Current through RL circuit controlled by thyristor, R = 12,
L =10mH

3.3.2 Crest Factor of Current

ISO standard [17] recommends not to use current waveforms with CF > 3 without
documented evidence of the effectiveness. When using multidirectional techniques,
it is recommended to use a sinusoidal current or phase-controlled current, but the
phase cutting should not be more than 90°, which corresponds to t, > 5ms. From
Figure 3.6 it can be seen that there is almost no space for current regulation for
t, > bms if the values of R and L are around the simulated (realistic) values.
To have a wide regulation range of current, the recommendation for limited phase
cutting cannot be met. Furthermore, the impulse evaluation method predicts that
the CF of the current waveform has a negligible effect on indication quality. The

impact of CF on the quality of the indication is investigated in [A2].

[A2] Pavel Stanék and Zbynék Skvor. “Impact of crest factor on indication quality
in the magnetic particle inspection process”. In: Nondestructive Testing and
FEvaluation 38.1 (2022). por: 10.1080/10589759.2022.2066663
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Figure 3.6: RMS value of a current through the RL circuit as a function of firing
time

3.3.3 Time-multiplexing of Currents

Designing MPI test bench units is a challenging process with many degrees of free-
dom. Therefore, a way to simplify the magnetic field optimization was sought. To
create multidirectional magnetization, it is necessary to use at least two current
loops, but usually more than two are needed. In this case, a time-multiplexing of
currents between these loops can be used. The article [A3] describes a way how to
simplify the magnetic field optimization using time-multiplexing.

The approach of running a current through only one loop at a certain time
brings a number of advantages. The first advantage is that if the total RMS value
of the current increases, the impulse does not decrease. If the time-multiplex is
not used, then, in some cases, the impulse may decrease even if the RMS value of
the currents increases. Another advantage is that the mutual inductive coupling
between the individual loops has no effect. Furthermore, this method can generate

multidirectional indications using only a single-channel AC or DC source. The
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Figure 3.7: Crest factor of current waveform through RL circuit as a function of
firing time

last and the most important advantage is the simplification of the magnetic field
optimization process. Due to the elimination of the mutual coupling of the current
loops, it is possible to first measure the contributions of the magnetic fields from
individual channels for different current magnitudes and then calculate the resulting
magnetic field as a linear combination of the contributions from individual loops.
Thus, magnetic fields can be easily optimized for the entire state space of current
magnitudes for all loops. In the case of an AC power supply, the result is independent

of the voltage phase.

[A3] Pavel Stanék and Zbynék Skvor. “Time Multiplexing of Currents for Magnetic
Particle Inspection”. In: Research in Nondestructive Evaluation (2022). DOL:
10.1080/09349847.2022.2132336

The following information and discussion about magnetic field optimization are
related to the article, but were not published in the article. In the article, normalized

impulse |J(/5)|/k is used because k is generally unknown. k is a function of local
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spatial coordinates, permeability of the material, defect dimensions and a radius of
detection particle. In practice, the exact value of impulse generating clearly visible
indication is needed to define an acceptable lower bound for optimization. This value
can be experimentally obtained. Test bench units are usually built upon customers’
requests to test a specific product. The shape and material of the tested product and
the smallest or typical defect are therefore known and can be used for experiments.
A setup developed for the experimental measurement of k is presented in [C3]. The
calibration setup can be used to find a minimum acceptable value of |J(53)|/k for
the optimization process.

During the process of automated magnetic field optimization, the normalized
impulse patterns should be compared to each other. The loss function can be used
to map values of impulses for different angles onto a real number. The impulse
should be above the lower bound and balanced in all directions. The suggested loss
function for impulse patterns is:

M JB) = e T (B) > e
K=), 0 Tras > J'(B) > Thin
b 10 = J(B)) T'(B) < Tpins

where J'(5) = |J(B)|/k. The values below lower bound J] ;. are penalized ten

min

(3.9)

times more because the insufficient impulse can potentially lead to an undetected
defect. An undetected defect is a worse scenario than generating a false indication

caused by an impulse exceeding the upper limit.
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4 | Conclusion

This thesis provides solutions to selected problems related to magnetic particle
inspection defined in the Introduction. The problems arose during the design of
test bench units and were solved by a theoretical insight into physical processes.
The theoretical findings were then always experimentally verified, and practical
recommendations for test equipment design were derived.

To obtain complete and comprehensive information about the generated mag-
netic field for the evaluation detection ability of MPI, measurement of both compo-
nents in a plane tangential to the tested surface (vector measurement) is necessary.
Since instrumentation capable of vector measurement was not available on the mar-
ket, it was designed.

A new method of magnetic field evaluation has been presented. The method
is based on vector magnetic field measurement and the calculation of impulse ex-
erted by a magnetic field on a detection particle. The corresponding force impulses
compared well to the QQI shim gauge indications. The method enables a fast and
accurate field test while neither requiring a QQI shims attachment to the surface,
nor any spraying with particles, nor any subsequent cleaning. This makes the eval-
uation method substantially faster and well-suited for modern MPI device testing,
design, and development, as well as for automated magnetic field generation and
optimization.

ISO standard 9934 recommends not to use current waveforms with CF > 3
without documented evidence of their effectiveness. The role of the crest factor
predicted by the impulse evaluation theory is negligible (if there is any at all).
Particle behaviour during an MPI process has been experimentally investigated,
and the results support the theoretical expectations. The demand in ISO 9934-1
does not seem to be fully grounded. The impulse is the most important factor to

be carefully controlled.
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4 Conclusion

A method of generating a magnetic field enabling the detection of arbitrarily
oriented defects using time-multiplexing has been presented and compared to other
commonly used magnetization methods. The experiment supported the theoretical
findings that the suggested magnetic field generation method can be used to detect
defects of all orientations and requires only a single-channel power source. The
method may simplify instrumentation without compromising crack detection and
reduces the complexity of the optimization or synthesis of a magnetic field used for
testing.

The following list summarises what was done. The numbering corresponds to

the goals defined in the Introduction.
1. Magnetic field measurement:
e Vector measurement of magnetic field is necessary to get relevant infor-

mation for the evaluation of MPI detection ability

e Instrumentation for vector measurement of magnetic field was designed
2. Magnetic field evaluation for MPI:

e Automated evaluation procedure was suggested

e Effect of crest factor of current waveform on indication quality was stud-

ied
3. Generation of magnetic field:

e Method of generation of magnetic field using time-multiplexing was pre-

sented

e Loss function to evaluate impulse pattern was suggested

In addition to the topics addressed in this thesis, there is room for future re-
search in the field of experimental investigation aimed at the detection of threshold
measurements. The threshold of successful detection depends on many factors, and
it would certainly be interesting to measure these dependencies. Also, statistical
studies focused on the probability of detection have practical applications. In these

studies, the human factor responsible for evaluating the generated indications plays
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a key role. Machine evaluation of indications can be used to eliminate the human
factor. Also, an interesting topic would be to simulate the process of the formation

of indications taking into account as many physical effects as possible.
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Abstract

A new method of magnetic field evaluation for magnetic particle inspection is presented. Measurements show that a magnetic
field value itself is not a sufficient predictor of detection ability. The evaluation method is based on a magnetic field measurement
and the calculation of the impulse of magnetic force on a detection particle. Results are compared with commonly used gauges.
Directions of sufficient field indicated by this novel method correspond with directions shown by standard gauges.

Keywords Magnetic particle inspection - Magnetic field evaluation - Magnetic field polarization - Probability of detection

1 Introduction

Magnetic particle inspection (MPI) is a non-destructive
method widely used for ferromagnetic materials testing
where a tested material is magnetized by a magnetic field of
sufficient magnitude. A potential defect interrupts the mag-
netic flux lines established in the material forcing some of
the flux lines to leak outside the material, resulting in a so-
called leakage field created above the defect. The leakage
field is inhomogeneous therefore causing applied ferromag-
netic detection particles to be attracted to the defect and
gather around the defect to form an indication. A magnetic
field parallel (or close to parallel) to the defect does not create
such a leakage field and, therefore, a magnetic field should be
applied in all directions of the desired detection. This can be
optimally achieved by a vector of the magnetic field rotating
at a constant angular velocity and constant magnitude, i.e.,
by a circular polarization of the applied field in a plane tan-
gential to the tested surface. Further information about MPI
can be found for example in ref. [1].

Magnetic fields for MPI are usually generated either
directly by a current flowing through a tested material,
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Engineering, Czech Technical University in Prague,
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or, indirectly by coils. These methods are summarized in
refs. [2,3]. Traditionally, magnetizers have been developed
and tested during design, and then repeatedly used for MPI
tests of similar steel parts. The topic was considered mature
and disappeared from publications in late 80’s.

Since then, technology has moved forward. Progress in
informatics and artificial intelligence has made possible new
approaches while advanced manufacturing and Industry 4.0
needs handling complex tasks, before unprecedented. New
instrumentation for MPI should automatically create mag-
netic fields to test parts of different shapes, often beyond
limits of classic MPI. These devices are required to self-test
the magnetic field upon curved surfaces using a robotic arm
and proper magnetic sensors. Therefore, a new method of
magnetic field evaluation is needed.

Currently used magnetizers are fed by power switching
sources from a 50 or 60 Hz power grid. Switching sources
are small, easy to control, effective and cheap, though using
the switching sources leads to non-sinusoidal currents with
higher harmonic components. The presence of such currents
generate non-sinusoidal magnetic fields and non-circular
polarizations.

Both the intensity and direction of the generated magnetic
field for MPI should be tested to achieve successful detection.
Several approaches are used [4,5]:

— Pie gauges
— QQI shims
Test blocks
Gaussmeters.

@ Springer
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All the gauges and test blocks are pieces of soft ferromag-
netic materials with artificial defects of various shapes. The
verification of a magnetic field is limited to the particular
defect shape and the gauges do not provide quantitative data
on the intensity of an applied magnetic field. All MPI steps
must be performed during the evaluation process. Moreover,
it is also complicated to verify the whole surface of a tested
material and almost impossible to verify magnetization of
curved surfaces.

Another possibility of how to verify a magnetic field is
to measure intensity by a gaussmeter. Most instrumentation
available on the market provide only RMS value(s) in one (or
three) direction(s), thus a significant amount of information
about magnetic fields remains unknown.

A successful application of MPI requires the optimization
of two important quantities:

— Magnetic field distribution
— Duration of the presence of the magnetic field.

The magnetic field distribution is a function of both the mag-
nitudes and phases of the feeding currents. Another important
parameter of an MPI test is the time duration of the applied
field. The force driving the detection particles towards a
defect needs enough time to form a sufficient indication. A
simulation of this process can be found in ref. [6].

A single quantity—the impulse of the force on a detection
particle—combines these two quantities into one in a way
that provides clear insight into the process. In the follow-
ing chapters a new method for magnetic field verification is
presented. This method is based on a vector magnetic field
measurement and data postprocessing, i.e., the calculation of
an impulse on a spherical detection particle [7].

Probability of detection (POD) as defined in ref. [3] or
in ref. [8] is a statistically evaluated function of probability
of defect detection depending on defect length. Details of
application of MPI such as magnetization method, magnetic
field direction and strength, and detection particles used are
not mentioned in these studies. Only average performance
of MPI is evaluated [3]. However, the proper application of
MPI is essential for successful detection. The new method
of magnetic field evaluation suggested in this paper can be
used to optimize MPI application and increase the POD to
get closer to the ideal case described in ref. [9].

Force Exerted on a Detection Particle

The detection particles are dragged towards the defect due
to a force emerging in an inhomogeneous leakage field. An
analytical closed-form solution for the force components
affecting a spherical detection particle, due to a leakage field
created by a semi-elliptical defect in a linear material, has

@ Springer

Journal of Nondestructive Evaluation (2019) 38:75
/
Y
Hy
 —
Ko .
L
1%
b
2a
Fig.1 Semi-elliptical defect in local coordinates
y/
7
g /
X

z

Fig.2 Semi-elliptical defect and coordinates system orientation

been published by Edwards and Palmer [10]. The defect
is considered to be infinitely long in z" direction. Figure 1
depicts a semi-elliptical defect in local coordinates x’, y'.
The complete 3D situation can be seen in Fig. 2. F,/ is an
important force component because it moves the detection
particle towards the defect:

8 3 oH, 0H,
Fy = g Homr (Ho + Hx,)W + Hy’W ) (H
where r is a detection particle radius, Hy is the field applied
along axis x’, and H,» and H, are leakage field components.
The derivation and full equations for H,/, H,» and F,s can
be found in ref. [10]. Since the expressions for components
H, and H, contain HOZ, it can be factored out:
_ 8 3152
Fx/ = g,u,()ﬂr HO +Hx

i dH,
ox’ ' ox’ Y ax' |

— kH, )

dHy - 0Hy N

where k is function of local spatial coordinates x” and y’,
a permeability of material u, defect dimensions a and b, a
radius of detection particle r, Hy = H,/Hp, and I-iy/ =
Hy//Hy. The spatial dependence of a force on a spherical
particle of radius 0.1 mm situated 1 mm above the surface
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Fig. 3 Magnetic force on a spherical detection particle of radius
0.1 mm, 1 mm above the surface in a leakage field created by a semi-
elliptical defect (¢=0.1 mm and b=1 mm). The applied field Hy = 1000
A/m

(a=0.1 mm and b=1 mm) is shown in Fig. 3. Relative material
permeability u is 1000 and the applied field Hyp is 1000 A/m.

Generally any other equation describing leakage field gen-
erated by a defects of different shape can be used. In ref.
[11] can be found the expression for the leakage field of
a rectangular slot. In the following chapters of this study
the coefficient k is not evaluated and is treated as a general
function of a leakage field, detection particle radius and per-
meability in all calculations.

Impulse Calculation

Multi-directional magnetizers are usually fed from a power
grid, therefore tested materials are magnetized by 50/60 Hz
(European/US standard) currents. Modern magnetizers often
make use of switched-mode power supplies. In most cases the
tested materials are non-linear. Both facts provide for higher
harmonic component generation whereby the magnetic field
is no longer sinusoidal. This effect can be described by a
Fourier series.

First, let us define the global coordinate system first. The
infinite boundary between air and material of permeability
1 is located in a xz plane at a position where y = 0. In this
plane the components of vector H are defined by a Fourier
series as follows:

00 00
H, = %0 + ;an cosQ2mnft) + Y by sin2wnft))

n=1

Hy=0 3)

o0 o0
(€] .
H, = > + ng_l cpcos(rnft) + E dy sin(2rnf't)),

n=1

—1
1
0.5
El
~
&
0.5
defect
_1 | | | _1
-1 -0.5 0 0.5 1
H, (kA/m)

Fig.4 Defect and H vector orientation in xz plane

where f is the base frequency and ¢ stands for time. Equa-
tion (3) describes the polarization of magnetic field H in a
plane tangential to the surface of a tested material, i.e., in
the xz plane at y = 0. The basic (and as for MPI ideal)
polarization is a circular polarization defined by only two
non-zero coefficients a; and d;. A situation with coefficients
a; = dy = 1 is depicted in Fig. 4. As described in the
previous section the leakage field created by a field perpen-
dicular to the semi-elliptical defect is known. If the magnetic
field vector H is rotating in the tangential plane, vector n
needs to be defined to calculate Hy which is the projection
of H in a direction perpendicular to the defect. Let n be
a unity vector perpendicular to a arbitrary oriented defect:
n = (cos(p),0,sin(B)), where § is an angle between n
and positive semi-axis x. If the magnetic field polarization
is described by (3), the projection of vector H in the direc-
tion of vector n can be calculated as follows:

H-n

Ho = |[H|[cos(f — a) = [[H]| ———— =
[[H[ |[m]]

n, “

where f — « is an angle between vectors H and n. This
situation is depicted in Fig. 4.

Impulse is the desired quantity describing detection ability
and is defined as:

4]
J:/ Fdt. (5)
41

If magnetic field is considered to be periodical, the relevant
quantity is obtained by integration over one base period. The
final impulse is then obtained as a product of this result and
the number of periods. However, measurements have proven
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Fig.5 Polarizations in polar coordinates

that real magnetizers may provide such currents that require
integration over the whole magnetizing event instead.

To calculate the impulse dragging a detection particle
towards a defect, Eq. (2) is inserted into definition (5), to
give:

to+7T to+T
JB) = / Fo(H(7))dt = / kHE (t)dt =
to 1o 6)
to+7T (
=k / (H(7) - n)2dt,
1

0

where T = 1/ f is the base period. Vector components H,
and H, are measured, therefore all non-linear and dynamic
effects are already included and Eq. (2) for force F,/ can be
used. The impulse is then:

to+T fo+T
JB) = / kHgdt = k/ (H() - m)*dt
1

0 fo

to+T 2
k/ (cos(,B)Hx +sin(ﬂ)HZ> dt
1

0

= %[cosz(ﬁ)(z (a,zl + b2 — 2 — d,%)

n=1

(N
+2a} — 2c3>

o]

+sin(28) < 3 (ancn + bndn) + 2a0c0>

n=1

oo
+> (a3 +d)+ 2c3},

n=l1

where f is 1/T. Equation (7) is the impulse on a detection
particle in a direction given by angle 8 and shows the detec-
tion ability of MPI in this direction. The result (7) contains
three terms. The first term modulated by cos? (B) is shown
in Fig. 5a and plotted in polar coordinates. There are two
blind angles in detection ability, i.e., directions of zero detec-
tion ability. These two angles are 90 ° and 180 ° in Fig. 5a.

@ Springer
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The second term modulated by sin(28) is in Fig. 5b. The
frequency is doubled, therefore there are four blind angles
with zero detection ability. The remaining term in Fig. 5c is
independent of angle 8 and improves the detection ability
in all directions. The resulting impulse is a summation of
these three terms multiplied by coefficients from a Fourier
series. This solution seems to respect the symmetrical pat-
terns shown by QQI shims or Pie Gauges in most cases with
the only exception being when a gauge is placed exactly at
the border of sufficient field.
The square of definition of RMS value

1 to+T
HZy o= — H(t)%dt (8)
RMS T o

differs from Eq. (6) only by the term k7". The RMS value of
the magnetic field in a certain direction integrated over the
whole duration of the test is proportional to the impulse.

Implementation and Experimental Results

In practice only samples of a magnetic field are usually
known, therefore a numerical algorithm is required. Equation
(6) must be solved by a numerical method. First the square
of the inner product is calculated for all desired directions
given by angle 8. Then the numerical integration over the
samples of magnetic field H is performed. To determine the
exact value of impulse the multiplicative coefficient k must be
estimated. Coefficient k varies with spatial coordinates, used
magnetic particles, expected defect sizes and tested mate-
rial permeability. To achieve a high detection probability the
coefficient should be estimated for the worst expected case.

The threshold of detection ability (minimal value of
impulse to clearly see an indication) is represented by a cir-
cle with a centre in the origin of coordinates in a polar plot
of impulse. To determine this threshold for a given detection
particles, defect size, and defect orientation, exact measure-
ment is needed.
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Fig. 6 Magnetic field polarization and impulse curve (Color figure
online)

The initial results of the measurements and their post-
processing are presented to verify the idea of evaluating
magnetic field detection ability by calculating impulse on
a detection particle and comparing it with QQI shims indi-
cation patterns. Two different magnetic fields generated by
a multi-coil magnetizer were measured at the same point on
the steel pipe where a QQI shim was placed. The tested pipe
was magnetized by two coils perpendicular to each other.
A current source was fed from a S0 Hz power grid and the
magnitudes were regulated by thyristors.

For the first measurement the currents were set to achieve
fully circular detection pattern by the QQI shim. The tested
pipe was magnetized for 1s and 10k samples of a magnetic
field in both x and z directions were taken. During the first
measurement the magnitudes of field changed, therefore the
polarization in Fig. 6 (green) also changed. If all the periods
of field waveforms had the same magnitude during the test,
the polarization would be a single-path curve. The QQI shim
from the first measurement showed fully circular indication
(Fig. 7). The impulse J divided by coefficient k calculated
by a numerical method in Fig. 6 (blue), do not have any
blind angles and the threshold circle is completely inside the
impulse curve which indicates sufficient detection ability in
all directions.

For the second measurement the currents were set so that
the QQI shim showed only partial indication. The results are
depictedin Figs. 8 and 9 in the same manner as in the previous
case. The currents were more stable than in the previous case
so the polarization is nearly a single-path curve. The impulse
J/k curve has two blind angles and it can be seen that the
blind angles indicated by the QQI shim are very similar to
the blind angles indicated by impulse. The threshold circle,

Fig.7 QQI shim detection pattern corresponding to the polarization in
Fig. 6
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Fig. 8 Magnetic field polarization and impulse curve (Color figure
online)

which should have been measured to determine the exact
blind angles, intersects the impulse curve.

The polarizations from Figs. 6 and 8 were generated by
time-dependant components containing odd-integer harmon-
ics of a base frequency f = 50 Hz. The content of even
harmonics in the signals is close to zero. Table 1 shows the
ratio of odd harmonics normalised to the first at 50 Hz.

@ Springer
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Fig. 9 QQI shim detection pattern corresponding to polarization in
Fig. 8

Table 1 Harmonic components of H, () and H_ ()

Harmonic component Ist 3rd Sth  7th  Sth 11th

1.02 034 0.15 0.07 0.02
034 021 0.07 0.05 0.03
0.69 0.19 0.11 0.05 0.05
0.84 0.12 0.12 0.05 0.05

First measurement

Second measurement

=EEE

Conclusion

A new method of magnetic field evaluation has been pre-
sented and experimentally verified. The method is based on
magnetic field measurements and the calculation of impulse
exerted by a magnetic field on a detection particle. Measure-
ments of two complex magnetic fields were presented. The
corresponding force impulses compared well to the QQI shim
gauge indications.

@ Springer

The method enables a fast and accurate field test while
neither requiring a QQI shims attachment to the surface, nor
any spraying with particles, nor any subsequent cleaning.
This makes the method substantially faster and well-suited
for modern MPI device testing, design, and development, as
well as for automated magnetic field generation and opti-
mization.
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ABSTRACT ARTICLE HISTORY
Magnetic particle inspection is a well-established industrial process Received 5 October 2021
of quality control. The ISO standard for magnetic particle inspection Accepted 4 April 2022
requires control of the crest factor and recommends avoiding KEYWORDS

current waveforms with a crest factor larger than three without Magnetic particle inspection;
documented evidence of detection effectiveness. Modern test crest factor; standards;
bench units often use thyristor regulation of the magnetization impulse; indication quality
current, which enables broad control ranges to generate an ade-

quate magnetic field. A possible method of evaluation of magnetic

field for magnetic particle inspection is to quantify the force effect

on a detection particle. The cumulative force effect can be

expressed as an impulse of force on a detection particle. The

method of evaluation by an impulse of force implies that crest

factor does not have a major effect if the impulse is controlled.

This work contains a theoretical analysis of force in magnetic field

generated by thyristor controlled currents. In the experimental part

a comparison of indications generated by magnetic fields of differ-

ent crest factorsis performed. The results of the experiment are in

line with the theoretical analysis and show that it is the impulse that

plays the major role in the formation of an indication and not crest

factor.

1. Introduction

Magnetic particle inspection (MPI) is a non-destructive testing method for detecting
discontinuities in ferromagnetic materials. The MPI process consists of a magnetic flux
leakage (MFL) method followed by a visual inspection. The object being tested is
magnetised, and detection particles are applied to the surface at the same time. The
magnetic field in the tested material is interrupted by a potential discontinuity, and the
magnetic leakage flux is generated around the discontinuity. The leakage field is inho-
mogeneous thereby causing applied ferromagnetic detection particles to be attracted to
the discontinuity and gather around the discontinuity to form an indication. Indications
are then evaluated under ultraviolet (UV) light.

Standard ISO 9934 [1] contains general principles for MPI and specifies the surface
preparation, magnetisation techniques, requirements and application of the detection
media, as well as the recording and interpretation of results. All established techniques

CONTACT Pavel Stanék @ stanepa2@fel.cvut.cz
© 2022 Informa UK Limited, trading as Taylor & Francis Group
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should be reliable and repeatable. To achieve this the standard recommends: Where time
varying currents (I) are used to produce a magnetic field (which will also be time varying),
it is important to control the crest factor (shape) of the waveform and the method of
measurement of the current in order to establish a repeatable technique. ... Waveforms
with a crest factor (i.e. ka/IRMs) greater than 3 shall not be used without documented
evidence of the effectiveness of the technique.

It is essential to generate an adequate magnetic field that results in sufficient force on
the detection particles. The method of evaluation of the magnetic field by impulse of
force [2] describes the relation between magnetic force and the quality of indication. This
method takes into account the two most important quantities (magnetic force and its
duration) and implies that crest factor (CF) does not play a role if the impulse is
controlled. If the values of the impulses are maintained, the indications should be highly
similar. Theoretical results based on this method of evaluation are not in line with the
ISO standard.

The experimental section includes a comparison of indications generated by the same
values of impulse but with different crest factors of magnetic field waveforms. The
experiment was performed using a standard test bench unit for indirect magnetisation
by coils. The current waveforms were controlled by thyristors. Images of indications were
captured under UV light and, subsequently, compared using methods of image
processing.

2. Force impulse in a leakage field

There are several methods on how to evaluate whether the magnetic field is adequate for
MPI, including approaches such as pie gauges, QQI shims or gaussmeters [3,4]. The
method [2] mentioned in the Introduction and which is applied in this paper is based on
the post-processing of the magnetic field measured. In order to evaluate the detection
ability of the generated magnetic field in all possible directions (arbitrary defect orienta-
tion), a vector measurement of the magnetic field is required, i.e. both orthogonal
components of the magnetic field (H,(¢) and H,(¢)) in a plane tangential to the tested
surface are measured.

Magnetic field strength and magnetisation time must both be taken into account in the
evaluation process. The cumulative force effect on a detection particle is quantified by
a force impulse:

to+T to+T
DBl = ] kHi(B)de =k | (H()-m)*dr, M
0 0

where |J(f8)| is the impulse in the direction of n, n is a unity vector perpendicular to
a defect, H(H,(¢), H,(t)) is the magnetic field vector in a plane tangential to the material
surface, Hy is the length of the projection of H(#) onto a direction of n, T is magnetisation
time. k is a function of local spatial coordinates, the permeability of material y, defect
shape and dimensions, and the radius of detection particle . Figure 1 shows the circular
polarisation of the magnetic field vector H in the xz tangential plane, angle a(t) between
the positive semi-axis x and the magnetic field vector H, and angle 3 between the positive

semi-axis x and vector n.
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Figure 1. Defect and H vector orientation in the xz plane.

The square of the RMS value of the time-dependent waveform H(t)

1 otT

HﬁMS:? ZJ H(t)*dt (2)

differs from Equation (1) only by the term kT. The square of the RMS value of the
magnetic field in a certain direction integrated over the whole duration of the magnetic
field presence is proportional to the impulse and is a measure of detection ability.

The force on a detection particle in a leakage field is a complex function of defect shape
and subsequent leakage field, the position of a particle in the leakage field, the radius of
the particle and the permeability of the particle. In Equation (1) it is represented by
function k [kg - m®/A? - s*] which is, generally, unknown. If the MPI is performed under
the same conditions (save for magnetic field intensity), k becomes only a multiplicative
constant. Therefore |J|/k is evaluated in the experiment because all other variables
affecting k are unchanged during the entire experiment. Knowledge of the value of k is
not needed for the experiment.

3. Thyristor regulation and crest factor

Commonly used MPI bench units are powered by a three-phase alternating voltage
system (400V, 50 Hz). Materials being tested can be magnetised directly, using
a current flowing through the object, or indirectly, by external coils. The direct magne-
tisation current is provided by step-down transformers, with a secondary winding
connected to the tested specimen. To achieve an optimal magnetic field and maximal



4 P. STANEK AND Z. SKVOR

N

N
i
ﬁ |
400V 50 Hz

)
&

Figure 2. Thyristor regulation circuit.

efficiency the current should be controlled which can easily be done by modern electro-
nics using thyristors. The load voltage and the current can be controlled by adjusting the
firing angles of individual thyristors.

Numerical simulations of current and voltage waveforms are used to demonstrate
some features of this regulation. The equation describing the circuit in differential form
was solved by an integral solver from the SciPy, Python open-source library. The load
(magnetisation coil or step-down transformer) is modelled as an RL serial circuit, as
shown in Figure 2. The parameters of the simulated circuit were R = 1 Q and L = 10 mH.
The supply voltage is the European standard phase to phase voltage 400 V at 50 Hz.
Figure 3 shows an example of the simulated voltage and current waveforms with a firing
angle of 90°. Figure 4 shows the currents as a function of the firing angles. Due to energy
accumulation in the inductor, the current flows for a certain time after the voltage crosses

200 600
400
100
\ \ 200
=< =
= =Y
/ —200
—100 |
—u(t) —400
—i(t)
—200 —600
0 5 10 15 20 25 30
t[s] 1073

Figure 3. Current and voltage on the RL serial circuit in Figure 2. Supply voltage is 400 V AC, R = 1Q,
L = 10mH and firing angle is 90°C.
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Figure 4. Current through the RL circuit in Figure 2. Supply voltage is 400V AC, R = 1Q, L = 10mH
and firing angles were 45°, 90° and 135°.

zero. For large firing angles the current is discontinuous. For firing angles lower than
a certain value the current flows continuously and the possibility of regulation becomes
significantly lower.

The crest factor is a parameter of a time-dependent function f () defined [5] as follows

o max(lF (o))

Joms(2)

Considering a sinusoidal feeding voltage and a firing angle equal to zero, the CF is v/2
as the resulting current waveform is purely sinusoidal. If the period with zero current
alternates, the period with the sinusoidal current CF is v/4. If two periods with zero
current alternate, the period with sinusoidal current CF is 1/6.

CF increases as the firing angle increases. Increasing the firing angle also leads to
a lowering of the impulse on a detection particle. For the purpose of this work, the
impulse should be constant. CF can be controlled by skipping periods and adjusting the
firing angle to maintain a constant impulse. By skipping more periods, large values of CF
can be reached.

In real experiments, current waveforms are influenced by the nonlinear character of
coil cores and nonlinear tested material. These effects can be easily compensated for by
experimentally adjusting the firing angles.
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4. Experiment

MPI is a sensitive process and the quality of indications depends on many factors:

¢ magnetic field distribution, intensity and duration

e magnetic properties of the tested material

e shape of the defect and subsequent leakage field

e properties of detection particles and the method of application
e intensity and spectral characteristics of UV light.

To achieve repeatable results the conditions need to be standardised. Determining the
impact of CF on quality of indication requires the influence of all other factors to be
minimised by keeping the factors unchanged. The unchanged factors during the experi-
ment are as follows: temperature, diameter, concentration and type of detection particles,
method of application of detection particles, magnetisation time, UV light parameters
and the process of image taking. The results are independent of the test sample shape if
the generated tangential magnetic field is controlled at the evaluation point. If only small
changes across the sample are considered, then the calculations of impulse are valid in the
neighbourhood of the measurement point (the area of a QQI gauge). A simple symme-
trical geometry was chosen to provide for easy magnetic field control. In this section, the
experimental setup and methods of evaluation are described.

A sample used for the experiment is shown in Figure 5 and features a standard gauge
QQI CX-430 [6] glued onto a block of steel (10 x 4 x 2cm).

The supply voltage (400 V, 50 Hz) was controlled by thyristors, as described in the
previous section. A pair of coils with electrical steel cores was connected in parallel. The
experimental sample was fixed between the cores in a plastic holder tilted at 45°. This set-
up is shown in Figure 6 where the direction of generated magnetic field H, is along the
x axis perpendicular to the vertical defect on QQI. This orientation is described by angles
B =0°and 8 = 180° (see Figure 1). Due to the symmetry of the defect and subsequent
symmetry of the leakage field [J(0°)|/k = [J(180°)|/k.

Magnetisation time was set to 8 s, and the time of application of detection particles was
0.4 s. The application of particles started at the same time as the magnetisation as shown
in Figure 7. The 8 s interval is long enough for almost all applied particles to flow down. If
the application time were longer (by increasing the number of applied particles) or the
magnetisation time shorter, the indication created could be washed away when the
magnetic force was not present.

Figure 5. Steel sample with a QQl.
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Figure 6. Schematic of the magnetisation coils with electrical steel cores and the test sample with
a QQl gauge.

ON application of particles
_— magnetization
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Figure 7. Application of magnetic particles and magnetisation time.

Detection particles were applied from a spray can controlled by a pneumatic valve to
deliver the same amount of particles at every repetition. The length of the pneumatic
valve activated spray was 0.4 s, which was long enough to spray enough particles on the
experimental specimen to generate a clearly visible indication (when the magnetic field
was strong enough). Fluorescent magnetic ink Lumor ], with mean particle size 5pum, was
used. After every repetition, the indication was removed by the solvent cleaner Overcheck
remover.

Images of indications were captured by a Canon EOS 650D under UV light emitted by
an LED lamp (peak wavelength 365 nm). Exposure time, ISO and the aperture were set
manually (1 s, F26, 400). The intensity of UV light was measured by an AccuMax XRP-
3000 digital UV light metre. UV light intensity was 58 mW /cm?.

Images have been evaluated visually by a Level 3 certified MPI engineer. To comple-
ment this subjective evaluation with an objective one, a method previously used and
published by other researchers has been used. The metric used for the evaluation of
indication quality is described in detail in [7]. Metric average G is defined as follows
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where G; is the value of the green channel of the i-th pixel in the selected area and # is the
total number of pixels in the area. The evaluated area was selected manually as a rectangle
encompassing the vertical straight indication on a QQI. Two slightly different rectangles
were chosen to observe the effect of a different number of pixels. The rectangles measured
550 x 40 pixels and 530 x 30 pixels. The calculation of G was performed using two
formats: JPEG and CR2. JPEG is a lossy image format with a colour depth of 8-bits per
channel, therefore the range of the results calculated from JPEG is from 0 to 255. The
Opencv-python library was used to read and process the JPEG images. CR2 is a lossless
RAW image format developed by Canon. The rawpy library was used to load CR2. The
native resolution of camera ADC is 14-bits, but the image was converted and scaled up to
16-bits by a rawpy library, which was used to load and process the images in CR2 format.
The results calculated from the CR2 images are in the range of 0 to 65535.

The magnetic field was measured by hall probes at the surface of the tested material.
An analog output signal from the hall probe was sampled at 10 kHz by a microcontroller.
Samples were transferred to a PC via USB and saved. The instrumentation had been
calibrated in a Helmholtz coil before the measurement was performed. The value of [J| /k
was 40 - 10°sA%/m? .

5. Results

Table 1 summarises the values of the green channel as a function of CF and different
parameters of image processing. The data from Table 1 are illustrated in Figure 9. There
is a certain variation but no trend can be identified. The images of indications are shown
in Figure 10. There are no discernible differences in the quality of indications visible to
the naked eye. Table 2 shows the standard deviations of average green for different
parameters of image processing. The standard deviation of the average calculated from
the JPEG format is less than 2 % of the total range, and the standard deviation from CR2
is two times smaller (Figure 8).

Table 1. The average level of the green channel of indications generated by magnetic field waveforms
with different CF.

Periods with magnetization 2 2 2 2 2 2

Periods without magnetization 0 2 4 6 8 10

Crest factor [-] 2.55 348 4.06 4.52 4.95 5.30
Firing angle [°] 277 324 34.2 364 385 40.0
G (550 x 40, 8-bits, JPEG) [-] 154.7 144.2 148.2 1515 156.9 152.8
G (530 x 30, 8-bits, JPEG) [] 168.8 155.8 160.4 164.1 167.7 163.5
G (550 x 40, 16-bits, CR2) [] 52219 51979 52134 52720 53920 52673
G (530 x 30, 16-bits, CR2) [-] 55338 54473 54568 55323 56093 55257

Table 2. Standard deviations of evaluated average green levels at the indication and
percentage of standard deviations of the total range.

standard deviation [-] percentage of range [%]
@ (550 x 40, 8-bits, JPEG) 4.6 1.8
G (530 x 30, 8-bits, JPEG) 4.8 1.9
G (550 x 40, 16-bits, CR2) 708 1.1
G (530 x 30, 16-bits, CR2) 593 0.9
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Figure 8. Magnetic fields generated by a thyristor controlled current. CF is regulated by skipping periods while
impulse |J]/k is kept constant by adjusting the firing angle.
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Figure 9. Average green G as a function of CF for different sizes of rectangles encompassing the
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Figure 10. Indications generated by magnetic field with the same impulse, but with different crest
factors.
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If the values of impulse are maintained (as well as the other factors), then the values of
G are also constant. Constant G values imply that the same amount of detection particles
have gathered above the defect and the quality of indication is the same. The suggestion
to control CF itself does not guarantee a higher quality of indications.

6. Conclusion

Particle behaviour during an MPI process has been experimentally investigated and the
results support the theoretical expectations. As for magnetisation, the impulse has been
proven as the main factor affecting indication formation in an MPI process. The role of
the crest factor is negligible (if there is any at all). This has been explained by theory and
confirmed experimentally. The demand in ISO 9934-1 does not seem to be fully
grounded. The impulse is the most important factor to be carefully controlled.
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ABSTRACT KEYWORDS

This article concerns magnetization methods for detecting arbi- Magnetic particle inspection;
trary oriented defects by magnetic particle inspection. The multidirectional

authors propose a new method of magnetization with omnidir- magnetization; time-

multiplexing; impulse of

ectional detection ability requiring only a single-channel DC or force

AC power supply. The detection of all defects by the new
method can be achieved during a single testing (spraying)
cycle.

1. Introduction

Magnetic particle inspection (MPI) is a nondestructive testing (NDT) method
that can be used for surface or subsurface defects detection in ferromagnetic
materials. MPI is based on the magnetic flux leakage method and a follow-up
visual inspection.

The detection ability of MPI is maximal when the magnetic field is perpen-
dicular to the defect, because the strongest leakage field is produced [1,2], but
the orientation of the defect is generally unknown. Several approaches to
magnetic field generation are used to detect defects of all orientations.
Nevertheless, recent advances in solid-state switches, as well as computer
control, may allow for new methods.

There are two commonly used methods for arbitrary oriented defects
detection. The first method is to perform two full MPI cycles with the first
step being the magnetization of the tested material, usually by a yoke or
by prod electrodes in a certain direction, followed by the remaining steps
of MPI. To detect all defects, a second placement of a yoke or prods,
rotated by 90° from the first placement, is necessary [1,2,] followed again
by the remaining steps of MPI. Either an AC or DC current can be used.
An alternative to this is to rotate the sample under test by 90°. Permanent
magnets can also be used with some limitations [2-4].

A second possible approach, known as multidirectional magnetization, is
described in [1] . Multidirectional magnetization can be achieved by several

CONTACT Pavel Stanék @ stanepa2@fel.cvut.cz @ Faculty of Electrical Engineering, Department of
Electromagnetic Field, Czech Technical University in Prague, Technicka 2, Praha, 160 00 Prague, Czech Republic

© 2022 American Society for Nondestructive Testing
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methods, such as the simultaneous combination of different magnetization
methods and currents: a combination of DC and AC magnetization, or,
a combination of two AC magnetizations. A complex example of how to
perform multidirectional magnetization generating rotating magnetic field
using multiple coils is studied in [5]. The presented solution consists of
many coils positioned around the circle powered by three-phase voltage.

Multidirectional magnetization uses a field that changes its direction during
the magnetization phase. This approach, until now, was based on the intuitive
assumption that once the magnetic field flux density vector scans all direc-
tions, it becomes perpendicular to any defect at a certain time making it likely
that the defect will be detected. However, the defect can be detected even when
the angle between the defect and the magnetic field vector is not 90°.
A detection method using two MPI cycles to detect arbitrary oriented defects
illustrates this. The angle is usually considered to be at least 45° [3](5.14) [6].

This article suggests new magnetization scenarios. This is enabled by the
quantitative analysis of the magnetic force driving detection particles to form
an indication. The analysis, based on the evaluation method published in [7]
and used in [8], is carried out for state-of-the-art methods as well as for the
new one. The suggested new method based on time-multiplexing of magne-
tization currents has omnidirectional detection capability while the test bench
unit is supplied by single AC phase only. This arrangement is expected to be
used in the portable MPI test bench unit design.

2. Theoretical Background

The major part of the development process of MPI test bench units is to design
a magnetization circuitry so that the magnetic field results in omnidirectional
detection ability. The defect detection ability of a particular MPI process is
a quality criteria for the evaluation of a magnetic field generated by the
designed circuitry. There are several standard methods on how to evaluate
the perfomance of MPI test bench units detection ability of the magnetic field
for MPI, including approaches such as pie gauges, QQI shims, or ketos test
rings [4,9,10]. The mentioned methods are slow and require all the steps of
MPI to be performed. In this article the evaluation method published in [7] is
used. The evaluation method is based on magnetic field measurement and
therefore can provide real-time feedback for the reconfiguration of magnetiza-
tion circuitry or current sources settings during the process of optimization of
test bench units. In this section, the evaluation method is briefly summarized.

The key quantity responsible for indication forming is the magnetic force
driving detection particles toward the defect. The cumulative force effect on
a detection particle can be quantified by the impulse of this magnetic force.
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The calculation of the impulse is described in [7]. The impulse evaluation
method is based on the measurement of components of the magnetic field in
the plane tangential to the tested surface. After the time-dependent field
components are known, the impulse is calculated as

to+T to+T

kH2(t)dt = kJ (H(t) - n)*dt, (1)

)

el = |

to

where [J(B)| is the impulse in the direction of n, n is the unity vector
perpendicular to a defect, 8 is the angle between unity vector n and the x
axis, H(H,(t), H,(t)) is the magnetic field vector in a xz plane tangential to the
material surface, Hy is the length of the projection of H(¢) onto the direction of
n, and T is magnetization time. The force on a detection particle in a leakage
field is a complex function of defect shape and the subsequent leakage field, the
position of a particle in the leakage field, the radius of the particle and the
permeability of the particle. In equation 1 it is represented by function k which
is, generally, unknown. If the MPI is performed under the same conditions
(except for magnetic field intensity), k becomes a multiplicative constant.
Therefore, normalized impulse |J| /k is used for the evaluation of the magnetic
field.

Components of the magnetic field are measured at a certain point on the
surface of a tested material, and therefore, the evaluation process is valid only at
the point of measurement or in the neighborhood of the point. If a magnetic field
in a larger region should be evaluated, then multiple measurement points must
be defined within the region and the evaluation must be performed at all points.

3. Magnetic Field Polarization and Impulse

Let us consider two current loops generating a magnetic field. The vector of
the magnetic field in a plane tangential to the surface under test is

H = (Hy(t), H:(t)) = (Ha(t) + Ha(t), Ha (1) + Ha(t)), (2)

where H,(t) and Hy,(t) are x components of magnetic field generated by
first and second current loop, respectively, and H,(t) and H,(t) are
z components of magnetic field generated by first and second current
loop, respectively. Unity vector in a plane tangential to the tested surface
perpendicular to the defect is n = (cos(f3), sin(f3)). Let’s plug the H and n
into equation 1:
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ol :J (cos(B)Hx(t) + sin(B)H,(t))*dt =

0

= cos’(B) | HZ, +2HuHy + H%,dt—
?
—cos*(B)| HA + 2H,Hy + H&dt+ (3)
Jo
T
+ sin(Zﬁ) Hlezl + Hlezz + HxZHzl + HxZsz)dt+
0

T
+J H? + 2H, H,, + Hdt,
0

where T is the magnetization period. The underlined terms vanish when the
currents in loops are multiplexed (e.g., never flow simultaneously). This makes
time-multiplexed feeding circuits design and control easier when compared to
classical sinusoidal current feeding.

The circular polarization of a magnetic field is ideal for arbitrary oriented
defects detection as it provides a uniform impulse magnitude in all directions
(omnidirectional impulse). Such a polarization may be achieved by two or
more sources of a sinusoidal magnetic field with proper phase shifts. It will be
shown that there are more possibilities of omnidirectional impulse generation
better suited for switched sources.

Figure 1 shows special cases of magnetic field. The magnetic field compo-
nents are generated by two current loops and the contribution of the first loop
only relates to component H, and the second loop only relates to component
H,. While not a general case, it is a convenient situation to explain. The
magnetic field vector is

H = (Hy(1), H(t)) = (Hx (t), H2(t)), (4)

and equation 3 reduces to

= J (cos(B)HL(£) + sin(B)HL(1))*dt =

T T

= cosz(ﬁ)J H2 dt — cosz(ﬁ)J HZ,dt+ (5)
7 r

+sin(2[3)J Hlezzdt+J H2,dt.
0 0

When using time-multiplexing, the underlined term again vanishes. The value
of integrals in remaining terms are independent of the phase of the AC supply;
therefore, the omnidirectional detection ability can be achieved by single phase
supply.

There are four triplets of figures (each row) in Figure 1 showing the
components of a magnetic field, corresponding polarization, and finally,
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Figure 1. Magnetic field components, polarizations and impulses. The first column contains time
dependant waveforms of magnetic field components on the tested surface. The second column
contains the corresponding polarization of the magnetic field components in the first column. Last
column shows normalized impulse of the magnetic force on the detection particle. The first three
rows show situations of simultaneous current flow through both loops. The sinusoidal components
of magnetic field have different phase shift and therefore different force impulse on the detection
particles. In the last row, the magnetic field components are time-multiplexed, still resulting in
omnidirectional detection ability.
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impulse. The impulse patterns in the last column are solutions of equation 5.
For the sake of simplicity, the magnetic field components are zero, or sinu-
soidal with a different phase shift, but featuring the same magnitude.

The first row shows the situation of both current loops powered by the same
voltage (same phase). If currents in both loops are flowing simultaneously,
polarization is linear and some defects will not be detected. Blind angles (i.e.,
cracks under these angles not likely to be detected) are shown in the third
figure where the zero impulse, in a direction perpendicular to linear polariza-
tion, can be seen. The second row demonstrates an ideal case of magnetic field
components having a 90° phase shift. The impulse pattern is omnidirectional
(circular). The third row illustrates the situation of a 120° phase shift, which is
readily available from a three-phase power grid and, therefore, commonly
used. The impulse pattern is not ideal, but there is nonzero impulse in all
directions. If the minimum impulse is above a detection threshold, all defects
will likely be detected. The last row shows a novel approach using time
multiplexing. One period of the sinusoidal magnetic field alternates with
another period of a zero magnetic field. The waveforms of H, and H, are
shifted by one period. The resulting polarization is cross-shaped; nevertheless.
the impulse pattern is again circular, e.g., providing an ideal omnidirectional
detection ability (only the diameter is halved when compared to the impulse
pattern in the second row). If the time duration were doubled, the impulse
patterns would have the same diameter as the pattern in the first row.

The time multiplexing method enables the detection of all defects using two
current loops powered by a single phase AC or DC voltage. In the case of
simultaneous current flow in both loops, polarization will be linear, and
therefore, the impulse pattern will suffer from blind angles. When the currents
are time multiplexed between the loops, the polarization consists of two lines
under 90° generating a circular impulse pattern with no blind angles. This case
is shown in the last row of Figure 1.

The time-multiplexing approach can be used for magnetic field optimiza-
tion or synthesis. The advantage of the time-multiplexing method lies in it
having no effect of the mutual coupling of current loops and has the possibility
of using only a single-channel power supply (AC or DC). In the case of
temperature dependency and thyristor regulation, the current can be main-
tained by changing the firing angle with no change in the resulting impulse.
Another benefit is that the impulse always increases in a certain direction if the
root-mean-square value of the current increases. If multiplexing is not used
and the current is flowing in multiple loops simultaneously, the value of the
impulse can decrease even if the total root-mean-square value of the current
increases. The advantage of time-multiplexing over a two-step MPI is that the
impulse may be balanced in all directions when using multiplexing, whereas
using a two-step MPI never balances the impulse and has a maximum in the
direction of the maximal field. A disadvantage is that the multiplexing
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approach is potentially slower, but this can be compensated by increasing the
current. There is also a slightly higher demand on regulation hardware and
software, but commonly used hardware can usually be reprogrammed for
a time multiplex. Time multiplexing also simplifies the design of test bench
units. If the classical approach of simultaneous current flow is used, the
induced voltages (as a result of the mutual coupling of current loops) brings
the optimization or synthesis of a magnetic field additional degrees of
freedom.

In a real situation, both current loops would probably contribute to both
components of the magnetic field. The synthesis or optimization goal is to
achieve an omnidirectional impulse. The requirement for an omnidirectional
impulse pattern is to use at least two current loops generating magnetic fields
of different directions (direct or indirect magnetization). Complex parts to be
tested by MPI may require more current loops.

4. Experiment

An experiment was performed to support theoretical findings. The goal was to
prove that the time-multiplexing magnetization method using only one phase
supply is capable of detecting arbitrary oriented defect. Standard QQI gauge CX-
430 [2] with circular and cross-shaped defect was glued onto a block of steel.

Three rounds of MPI were performed. The test steel block with gauge was
magnetized by two different current loops using commercially available test
bench unit. In the first round, two phases with mutual phase shift 120° were
used for magnetization; e.i., the classical multidirectional approach was used.
Current was flowing simultaneously in both loops for 5 s. In the second round,
two phases with the same phase shift as before were used for magnetization,
but the current was multiplexed every 0.5 s. The duration of the magnetization
was 10 s. In the third round, only one phase was used to supply both current
loops. The multiplex period was again 0.5 s and the duration of magnetization
was 10 s. The current was controlled by thyristors in all cases, and the same
firing angles were used for all three runs. The waveforms inFigure 3 show the
periods of zero and non-zero currents during the performed magnetizations.

Images of indications taken under UV light are shown in Figure 2. The
results in Figure 2 show that all the magnetization methods can be successfully
used to detect defects of all orientations.

5. Conclusion

A method of generating a magnetic field enabling the detection of arbitrary
oriented defects using a single power source with time multiplexing has been
presented and compared to other commonly used magnetization methods.
The theoretical findings were supported by the experiment. The suggested
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(a) classical multidirec- (b) time-multiplexing: (c) time-multiplexing:
tional magnetization: two current sources one current source
two current sources

Figure 2. Indications generated by different magnetization methods. These indications show that
omnidirectional detection ability has been achieved by the new magnetization method. The
quality of indications generated by all methods is fully comparable.
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Figure 3. ON/OFF periods of thyristors controlling current flowing through magnetization loops
during the experiment. There are two waveforms (green and blue) for each MPI cycle. L1 and L2
indicates the phases used to supply current loops. European standard (230V,50Hz) three phase
supply (L1, L2, L3, N, PE) was used [11].
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method of magnetic field generation can be used for arbitrary oriented defects
detection and may simplify instrumentation without compromising crack
detection. This method also reduces the complexity of the optimization or
synthesis of a magnetic field used for testing.
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