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Magnetic Hysteresis Cycle Measurements With
a New Needle Probe Setup

Patrick Fagan™, Abdellahi Abderahmane

Abstract— Different magnetic needle probe setups are
presented, and their strengths and weaknesses are investigated.
A new configuration, combining the advantages of the other
setups, is presented. Finite element (FE) simulations are imple-
mented to explore the effect of the excitation yokes and residual
stresses on the magnetic flux symmetry. The error sources
affecting the accuracy of the experimental measurements are
analyzed and quantified. Solutions to minimize these errors
are also proposed. By minimizing error sources, the obtained
experimental measurements closely follow the reference hysteresis
loop obtained from a wrapping coil in the unidirectional case.
The proposed measurement device notably provides enhanced
accuracy for surface measurements when wrapping coils are not
implementable.

Index Terms— Induction measurement, magnetic hysteresis,
material characterization, nondestructive testing.

I. INTRODUCTION

HEN subjected to a varying magnetic field,

ferromagnetic materials exhibit a typical hysteresis
magnetization curve. The magnetic induction versus magnetic
field loop is characterized by several properties (coercive
field, remanent induction, and hysteresis losses) that play
a crucial role in a great number of industrial applications
[1], [2]. For example, hysteresis losses (given by the area of
the magnetic hysteresis loop) are key to electrical machine
performance. A precise experimental measurement of the
magnetic hysteresis loop is therefore required for a great
number of applications. A precise experimental determination
of the magnetic response is therefore indispensable in a
number of applications. Many sensors, such as Hall sensors,
H-coils, AMR, TMR, or GMR sensors, are available for the
measurement of magnetic fields. This article is dedicated to
the measurement of magnetic induction.
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The wrapping coil (B-coil) is one of the standard induction
measurement methods due to its simple experimental setup and
good signal-to-noise ratio [3]. A coil with a known number
of turns is wound around a sample, usually of rectangular
or circular cross section. The time variation of the magnetic
flux inside the sample generates an induced voltage in the
coil. This voltage is proportional to the number of turns;
hence, if a stronger signal is needed a longer coil can be
wound around the sample. However, the measurement is
sensitive only to the component of the magnetic flux density
perpendicular to the coil cross section. The measurement is
therefore sensitive to one direction in space only. Additionally,
B-coil measurements provide an average magnetic flux density
across the cross section. Standard samples typically feature a
small cross section to ensure uniform induction in the sample
cross section. While drilling holes allow for the deployment
of wrapping coils on large samples [4], [5], [6], [7], they alter
both magnetic and mechanical states [8].

The needle probe method can be used for the nondestructive
evaluation of the magnetic properties of a ferromagnetic sam-
ple. The wrapping coil is replaced by two conductive probes
touching the surface of the sample. This setup is equivalent
to a wrapping coil of one turn [9], [10]. It only requires
electrical contact between the measurement probes and the
sample surface. As a result, it can be used on large samples
without drilling holes. However, the main disadvantage is
that the signal-to-noise ratio cannot be improved as easily
as for the wrapping coil method. Hence, the needle probe
method requires low-noise amplifiers and a precisely defined
experimental setup in order to obtain a reliable measurement.

This article presents different needle probe setups and their
main assumptions. The error sources on the experimental
setup are studied in order to minimize them. An example of
measurement following the prescribed protocol illustrates the
correspondence between wrapping coil and needle probe mea-
surements in a specific case, showing that the two magnetic
measurement systems are equivalent in the chosen reference
case. The article is structured as follows.

1) Section II describes different needle probe configura-
tions found in the literature and presents a novel setup
allowing for more precise measurements.

Section III provides finite element (FE) simulations to
shed light on the critical factors for needle probe design.
Section IV gives the equations linking the measured
voltages to the magnetic flux variations inside the
sample.

2)

3)
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4) Section V is dedicated to the analysis of error sources
in the proposed setup and their correction.

5) Section VI describes the practical implementation of the
experimental setup.

6) Section VII presents and discusses the experimental
measurements.

II. DIFFERENT NEEDLE PROBE SETUPS

The principle of the needle probe method is derived from
Maxwell-Faraday’s law. Given a surface S of boundary 95,
the line integral of the electric field £ on 9S is opposite to
the surface integral of the scalar product between the surface
normal 7 and the derivative of the magnetic induction B across

the surface S
.. 3B
E.-dl =— — -ndS. (D
3 s 01

Hence, by connecting two conductive probes to the sample
surface, the induced voltage between the two allows to mea-
sure the variation of the magnetic flux in the sample. Since the
probes only need to touch the sample, the needle probe method
allows for flexible setups and noninvasive multidimensional
measurements.

This method has been patented in the 1950s by Czeija
and Zawischa [9], Werner [10], and Stauffer [11]. The very
weak amplitude of the measured voltages requires strong
amplifications to precisely measure the magnetic flux variation
in the material. Theoretical studies have been carried out [12],
[13], [14], [15], [16], [17] to better evaluate uncertainty
sources and alternative setups [14], [18] have been devised to
minimize these uncertainties. The magnetic needles method
has since been employed in a variety of materials [19], [20]
for the measurement of rotational losses [21] and defect
detection [22].

Four different setups have been identified in the literature,
and each of them is described in this article. These setups are
shown in Fig. 1. They are denoted as follows.

1) The original setup (OS), described by Czeija and

Zawischa [9] and Werner [10] in their patents, in which
a pair of needle probes is placed on each side of the
sample, hence giving two voltages V; and V.

2) The single-side OS (SSOS), patented by Czeija and
Zawischa [9] and Stauffer [11], Tompkins et al. [12],
which has then been employed in the subsequent
decades [23]. This setup is a simplified OS, in which
the measurement on the bottom face has been removed.
As a result, the change in magnetization within the
sample can be measured using a single voltage V, under
the assumption that the magnetic flux in the sample is
symmetrical.

3) The air flux compensation setup (AFCS) [18], derived
from the SSOS by adding a pair of needles that are short-
circuited, but insulated from the sample. Two voltage
measurements are required to describe the magnetic flux
variation in one direction: the voltage in the sample
Vsample and the air voltage V.

4) The transverse needle probe setup (TNPS) [14], in which
two pairs of needle probes are placed in the same
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Fig. 1. Four different methods for needle probe measurements described in
this article. (a) OS. (b) SSOS. (c) AFCS. (d) TNPS.

fashion as in the OS, but the voltages are measured in
a differential configuration.

Fig. 1 shows that each needle probe setup will be affected by
magnetic flux variations in the air between the needle probes.
Such effect must be minimized to avoid unwanted drift in
the reconstructed hysteresis cycle. One way to achieve this is
to print the needle probes directly on the sample surface [20].
Such probes are then fixed on the sample, which can be a limit
since only one position is allowed. Needle probe setups can
be realized with spring contact probes to ensure the contact
between probes and sample, allowing for an easy positioning
of the setup and for the scanning of the entire sample surface,
but at the price of a greater air surface.

A. Preamble: Magnetic Fields Definition

The general definition for the magnetic induction vector B
in the material is considered

. By (1)
B(t) = | By() |. (2
B, (t)

To enhance the readability of the equations, the

time-derivative of the magnetic flux is noted (d®/dt):

dd 3B
E(S)://Sg-ndS. 3)

Given a surface S of boundary 9, the induced voltage Viyq
on dS can be calculated through Maxwell-Faraday’s law as
follows:

S do
Vina= ¢ E-dl=——(5). “4)
35S dt

The surface S can be separated into air (S,;;) and ferromag-
netic sample (Ssample). Such decomposition is illustrated for
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Fig. 2. Air and sample surfaces in the OS.

each setup in Figs. 2—-6 and the resulting equation is given
below

dcp(S)—dq)(S‘)+dCD(S ) 4)
dt = dt air dt sample ) -

A reasonable assumption is that the measurement device has
an infinite impedance, hence, no current flows on the cables
connecting the needle probes to the measurement device.

B. Original Setup

Considering a magnetic field B normal to the cross
section Sgample, Fig. 2 shows the OS and the associated
Maxwell-Faraday’s surfaces Ssampte, Sair  and Sair p.

To obtain the magnetic flux variation inside the sample, two
extra assumptions are made.

1) The effective vertical electric field Vi is negligible
Wyert=V14 + V32 = 0. (6)

2) The effective air flux term is negligible

dCD(S' )+d(b(5' )~ 0 (7
dt air ¢ dt air b) ™~ Y.

These conditions are necessary to obtain an equation linking
the magnetic flux change rate to the measured voltages,
but they are rarely satisfied [14], [18]. If they are sup-
posed true, then it is shown in the Supplementary Materials
(Section S.I.A) that the magnetic flux variation is given by the
sum of the two measured voltages Vi and Vyu

do
Vi + V3’4’ ~ E(Ssample)- (8)

C. Single-Side OS

In the case of the SSOS, only one of either Vi or Viu
is available, while the same Maxwell-Faraday surfaces are
defined. The setup is shown in Fig. 3.

To be able to solve such system, it must be assumed that
the electric field at the surface of the sample (and hence the

Fig. 3. Air and sample surfaces in the SSOS.

Fig. 4. Air and sample surfaces in the AFCS.

magnetic flux inside the sample) is symmetric with respect to

the center of the cross section

Vio = Vi, Va3 = Vy. )

By assuming that both (6) and (9) are verified, the simpli-
fied (8) shows that the magnetic flux variation is given by

1do

V1’2’ a EE(Ssample)' (10)
The main disadvantages of the SSOS compared to the OS is
the halved gain in (10) and the additional assumption regarding
the symmetry of the problem. The two techniques are sensitive

to a magnetic flux variation in the air.

D. Air Flux Compensation Setup

The Maxwell-Faraday surfaces for the AFCS are shown in
Fig. 4.

The only difference of this setup compared to the SSOS
is that the “no air flux term” assumption is modified in
“negligible air flux outside the air loop”

do

(Sair +) dCD(S' )~ 0 (11
dt air + dt air -) ™~ Y.

It is shown in the Supplementary Materials (Section S.I.B)
that the measured voltages are linked to the magnetic flux
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Fig. 5. Air and sample surfaces in the TNPS.

variation as follows:

do dod
Vo — Vs = —Vyenn — E(Sair )+ E(Sair—)
1dd
- EE(Ssample)- (12)

Hence, the simplified AFCS equations can be obtained if (6)
and (11) are verified

Viw — Vog ~ 222
12 5'6 2 dt

dd
Vse = W(Sair —)-

(Ssa.mple)
(13)

The AFCS is equivalent to the SSOS, but with an effective
air surface Syr = Sair + — Sair .. This setup allows to decrease the
air flux term by decreasing the effective surface S,;,. However,
the vertical electric field can still be an issue, and the symmetry
assumption requires a precise positioning of the needle probes.

E. Transverse Needle Probe Setup

Fig. 5 shows the Maxwell-Faraday surfaces for the TNPS.

It is shown in the Supplementary Materials (Section S.I.C)
that such setup is equivalent to the difference of two SSOS,
defined by their measured voltages V4 and Vyy

[
E (Ssample) .

Such setup doubles the gain for the magnetic flux variation
compared to the SSOS and is less impacted by the vertical
field (since the two contributions are subtracted). It also allows
to decrease the air surface (even if not as much as the
AFCS). As a result, the TNPS can be employed for precise
measurements. However, the needle probes need to be aligned
on both sides of the sample, hence, the TNPS can be difficult
to implement on plates and less practical than the AFCS for
quick measurements.

Vig — Vo = (14)

FE. Complete Needle Probe Setup

The ideal setup would allow to reduce both the air flux
and the vertical electric field contributions to negligible levels.
Hence, one could try to combine the AFCS and the TNPS to
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Sair t+

Fig. 6. Air and sample surfaces in the CNPS.

get the advantages of both. An improved system, the com-
plete needle probe setup (CNPS), should then give accurate
measurements. The setup is shown in Fig. 6.

With the assumptions defined in the Supplementary
Materials (Section S.I.D), four measurements allow to define
the magnetic flux variation inside the sample

do
Wiz = Vse ]+ [Vaw = Vig ]~ == (Sampie). - (15)

The advantage of the CNPS is that it can be simplified
to obtain five different measurements (OS and AFCS/SSOS
for both sample surfaces) simply by choosing which subset
of measured voltages to analyze, without moving the needle
probes. This approach is illustrated in the experimental results
shown in Section VII. The four measured voltages Vi, Vay,
Vs, and Vy¢ can be measured at once, and they can therefore
be investigated separately or together to identify dissymmetries
in magnetic flux with respect to the depth and address any
issue related to the air flux term. Significant differences
between Vy» and V34 reveal dissymmetries in the magnetic
flux distribution. The air flux term can be identified by com-
paring the amplitudes of Vy» and Vs (or of Vyy and Vyg).

However, the CNPS requires to measure four voltages per
axis (and therefore to carefully position four couples of needle
probes). The amplifier for each input must be carefully cali-
brated to ensure a constant gain during the entire measurement
and therefore the correct compensation of the air flux effect.

Alignment issues between the “top” and “bottom” needle
probe holders can appear if the sample is a large slab or a
tube, for which the alignment between the two probe holders
cannot be verified by sight. In the case of curved surfaces, the
equations linking the measured voltages to the magnetic flux
variations will not be as straightforward as the ones shown in
Sections II-B-II-F. The configuration with curved specimens
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TABLE I
COMPARISONS BETWEEN THE FIVE NEEDLE PROBE SETUPS

lSetup HNumber of measures | Requires symmetry | Air flux effect

SSOS 1 Yes Great

0oS 2 No Great
AFCS 2 Yes Small
TNPS 2 No Great
CNPS 4 No Small

has not been investigated in this work, but a careful design of
the complete system and the exploitation of spring test probes
to ensure the contact between a curved surface and the needle
probes should allow to overcome most experimental issues.

Table I compares the five different setups, showing the
strengths and weaknesses of each one. The CNPS is the con-
figuration requiring the highest number of measured voltages,
but it is the only one weakly sensitive to both sample flux
dissymmetry and air flux.

III. FE MODEL FOR THE NEEDLE PROBE MEASUREMENTS
A. Definition of the Modeled Problem

The experimental system was modeled using the FE method
in COMSOL Multiphysics.' The setup is presented in Fig. 7.
The measurement region size (20 x 20 x 6 mm?®) and loca-
tion (at the center of the sample) fulfill the criteria (derived
from [8]) for reliable magnetic measurements.

1) Uniformity Criterion: The direction and magnitude of
H and B fields do not depend on the position of the
sensor in the measurement regions. .

2) Correspondence Criterion: The measured H field (out-
side the sample) corresponds to the fl field inside the
sample that generates the measured B field.

3) Direction Criterion: H and B fields directions are
known.

The sample was meshed using a swept quadrangle mesh
in the Z-axis and a boundary layer mesh in the Y-axis (with
four elements in the skin depth). The rest of the geometry
uses tetrahedral elements. The coils are modeled using a
homogenized multiturn conductor model.

The material properties are given in Table II. Note that
other configurations with different geometries (coils on the
yoke legs, thinner sample, and shorter yokes) and material
properties were studied. However, the conclusions drawn from
such studies are identical to the ones presented here. The
sample material is an Iron—Cobalt alloy, whose magnetization
function M (H) and parameters are taken from [24].

Simulated needle probe measurements are obtained by inte-
grating the simulated electric field following the paths in Fig. 8
counterclockwise.

The simulated system is symmetrical and the needle probes
are far enough from the sample edges to assume that the
electric field on the cross section is horizontal. This implies
that the vertical voltages V; and V, are negligible and opposite
(Vi + V, = 0), hence, the voltage measured on a virtual

ITrademarked.
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Sample

Yoke-top

Coil-Bottom Coil-top

B-needles-tips
Current
Yoke-Bottom

Electric field
Tetrahedral
Magnetic field
Quadrangle

7

Boundary Layers easurement region

Fig. 7. Simulated structure on COMSOL. Dimensions are in mm.
TABLE II
ELECTROMAGNETIC PROPERTIES USED IN THE FE MODEL
l Properties H Yoke [ Coil [ Sample ‘
Electric conductivity (MS/m) 1 6 3
Relative permittivity 1 1 1
Relative magnetic permeability 10 1 Non-linear [24]
Lneedles
l J | Top face
— ; 2h
_/—\
Vb
‘[ 'Bottom face
y —
X O
Fig. 8. Integration paths employed for the needle probes and wrapping coil
voltages.

wrapping coil following the path on Fig. 8 is obtained by
summing V; and V:

Veoit ® Vi + V. (16)

If the setup is not symmetrical (as detailed in the next
paragraphs), then V, will not be identical to V,, hence,
an asymmetry factor exsym can be defined

Jy v — Vo Pdr

easym(%) ~ 100
foT Ve (dt

a7

Simulations are carried out for a duration T = (1/4 fexc),
fexe being the excitation frequency. This implies that only the
first magnetization curve of the material is simulated to keep
reasonable simulation times.
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Fig. 9. Yoke displacement described in cases 3-6.

TABLE III
ASYMMETRY FACTOR IN DIFFERENT SIMULATION CASES

[ Case [[ 0 [ 1 [ 2] 3] 4] 5T7]6]
| easym(%) [[ 0.16 | 841 [ 0.61 [ 027 [ 2.92 [ 025 [ 023 |

B. Geometrical Asymmetry

One way to introduce asymmetry in the through-thickness
magnetic flux is to break the symmetry of the excitation system
(coils and yoke). Several examples have been tested with
fexe = 1 Hz.

1) Case 0: Two excitation yokes (perfectly symmetrical),
chosen as reference.

2) Case 1: One excitation yoke.

3) Case 2: Two excitation yokes, with one yoke generating
10% more magnetic flux compared to the other.

4) Case 3: Two excitation yokes, one yoke being moved
5 mm in the X-direction.

5) Case 4: Two excitation yokes, one yoke being moved
5 mm in the Y-direction (normal to the sample surface).

6) Case 5: Two excitation yokes, one yoke being moved
5 mm in the Z-direction.

7) Case 6: Two excitation yokes, one yoke being rotated
of 10° compared to the other one.

Cases 3—-6, showing the modification of the position of the
yokes for each case, are illustrated on Fig. 9 and the resulting
asymmetry factors are shown in Table III.

It can first be noticed that the asymmetry coefficient is
not zero in the symmetric case. This is due to residual
dissymmetries in the meshes. The value of 0.16% for easym
can be taken as the reference for negligible asymmetry. Among
the studied cases, a strong asymmetry is generated by an
asymmetric magnetic excitation, with either one yoke or two
yokes with a detectable liftoff for one of them. A current
asymmetry (as in Case 2) should not have a great effect on the
asymmetry if the two excitation currents are similar enough,
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Proposed setup with the geometric dimensions and the analog
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Fig. 11. Maxwell-Faraday surfaces in the proposed setup. All surfaces
beyond the coaxial cable are ignored.

and a misalignment for the two yokes in the sample surface
directions should not be noticeable.

Hence, using two identical yokes with similar excitation
coils (in terms of coil turns and surface) connected in series
and ensuring that liftoff is minimal should reduce the flux
asymmetry to acceptable levels.

IV. DATA TREATMENT: FROM THE MEASURED VOLTAGES
TO THE MAGNETIC INDUCTION FOR
THE PROPOSED SETUP

This section describes the different steps required to obtain
the magnetic flux variation from the measured voltages for
the CNPS (similar equations can be found for the simpler
setups). The complete setup is shown in Fig. 10, and the
Maxwell-Faraday surfaces are shown in Fig. 11.

The connection wires for the measured signals are grouped
in a thick coaxial cable. The voltage ¢; is the voltage measured
in the loop containing the points 7; and 7;- for the “top” face,
and B; and By for the “bottom” face. Each voltage is also
amplified by an analog circuit of transfer function G;i(jw)
(with w the angular frequency).
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The general equation for this setup is developed in the
Supplementary Materials (Section S.II) and is simplified
thanks to the following assumptions.

1) Assumption 1: The amplification circuits on all inputs
are perfect, each one with a gain G; for all frequencies

Vi = Giei. (18)

2) Assumption 2: Input impedances are infinite (or, in other
words, no current flows in the connections between the
needle probes and the amplification circuit)

I =0. (19)

3) Assumption 3: The liftoff § between the “air” needle
probes and the sample surface is negligible

5 — 0. (20)

4) Assumption 4: The magnetic flux far from the sample
is negligible compared to the magnetic flux near the
surface

0B,

0B,
Iyl = h =+ hair) K ‘W‘(I)’l - . (2D

5) Assumption 5: The magnetic flux is uniform on the

X-axis
d_Q(S =L !
dt sample) - needles/h 9t (22)
e Suincn) = L [ Y0 ey o)
dt ir int top air s a1
dd —h—§
W(Sair int bottom) = Lair \/_hair a1 (24)

By combining these assumptions, the magnetic flux varia-
tion in the sample is given by

dﬁ(S )N_ E_Lneedlesﬁ
dt sample Gl L G2

+ E . Lneedles &
G3 Lair G4 ’

The B(H) curve is then obtained by integrating the previous
equation, with the assumption that the magnetic induction is
uniform inside the sample

(25)

1 / Tdo
Ssample 0 ds

This equation is the general case for all magnetic needle
probe setups except the TNPS, and can be simplified for each
elementary setup seen previously.

B(t) ~

(Ssample)ds- (26)

V. ERROR SOURCES IN THE MAGNETIC INDUCTION
MEASUREMENT (UNIAXIAL EXCITATION CASE)

The relationship between magnetic induction change and
measured voltages seen above can also be employed to detect
several error sources for the hysteresis loop reconstruction.
Such measurements are obtained by placing two pairs of
needle probes perpendicular to each other (unless specified
otherwise). The magnetic flux is supposed uniform on the
entirety of the cross section and along the Z-direction.

6000511

Different error sources have been analyzed in the

Supplementary Materials (Section S.III).

1) The needle probe position errors include the position
errors between the “top” and “bottom” sample needle
probes due to a misalignment of the needles support.
Such position errors can be a translation error (Ax and
Az) and a rotation error (AfB). Only the latter has an
effect on the experimental measurement if the magnetic
flux is uniform. The resulting error can be ignored if
|[AB| < 14°, which should be the case in the great
majority of cases.

2) The air needle probes liftoff concerns the presence of a
liftoff 6 between the sample surface and the air needle
probes. The analytical expression of this error cannot
be easily calculated, since it heavily depends on B,(y).
However, since B,(y) should quickly converge toward
0 far enough from the sample surface, even small values
of § will significantly decrease the measured air flux
voltage. Hence, the resulting B(H) loops will be affected
by an increased drift at saturation if the air needle probes
liftoff is not minimized.

3) The air-sample angle mismatch concerns the position
errors between the “sample” and the “air” needle probes
on the same sample surface. As with the needle probes
position errors, only the angular error y affects the
experimental measurements and, like the air needle
probes liftoff, it will result in an increased drift at
saturation for the B(H) loops. This error evolves in
1 — cos(y), hence, it should be considered only in
presence of major alignment issues on the experimental
setup.

4) The gain mismatch AG and the nonorthogonality angle
Aca include the gain differences for the amplification
circuits and the alignments issues between the X and
the Z needle probes. Such effects can be corrected in
posttreatment with two different measurements carried
out at different positions.

As long as the experimental setup is manufactured with
precision (such as by 3-D printing the needle probes support),
all these errors should be either negligible or easily corrected
in posttreatment.

VI. EXPERIMENTAL SETUP

The easiest way to compare the needle probes and the
wrapping coil measurements is through a classical single-sheet
tester (SST) measurement. In this case, the magnetlc field 1s
generated through one pair of yokes and hence both H and B
are supposed 1-D

H = H(t)ey. 27

The experimental setup is shown in Fig. 12. Two types of
samples have been tested: DCO04 steel [25] and Galfenol [26].

As in the FE model, two identical iron—silicon yokes have
been employed to obtain a symmetrical magnetic excitation
(the two excitation coils have 106 £ 3 turns). Both excitation
coils are connected to a Kepco BOP72-14MG bipolar power
source (with a maximal current of 14 A and a maximal voltage
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3D Hall
sensor

Excitation coil Excitation coil

Sample

Fig. 12. Experimental setup employed for needle probes and wrapping coil
measurements.

TABLE IV

EXPERIMENTAL SETUP PARAMETERS

| Parameter [| Description Value
2% (mm) Fig. 14 2+ 02
2L (mm) Fig. 14 | 20 £ 05
6 (mm) Fig. 10 2+05
R (mm) Fig. 10 35+£1

AG(%) Fig. 10 <1

Aa () Fig. 10 <2
Linner (mm) Fig. 14 20 £+ 0.5
Louer (mm) Fig. 14 | 25 £ 05
B () Fig. 14 45 + 1

3D Hall
sensor

Yokes Wrapping

coil

Needle probe
holder

Fig. 13. Needle probe holder mounted on the sample between the yokes.

of 72 V). The magnetic field is measured using a Projekt Elek-
tronik AS-V3DM Hall sensor, allowing a 3-D measurement
with an estimated error of 4 A/m and an estimated liftoff of
1 mm. The sampling frequency is 5 kHz. More details about
the excitation generation and control can be found in [27].
The geometric dimensions and the error parameters are given
in Table IV.

The magnetic induction is measured with the proposed
needle probe setup and compared to the signal of a wrapping
coil of 25 (for the DC04 sample) or 30 (for the Galfenol
sample) turns, wound as tightly as possible to the sample to
minimize the induced voltage generated by the magnetic flux
outside the sample. A specific sensor has been designed and
3-D-printed in order to read the magnetic induction through
the needle probes at the same place as the wrapping coil.
A photo and a drawing of the holder are shown in Figs. 13
and 14. The “inner” needle probes are short-circuited above
the wrapping coil to measure the air flux, while the “outer”
needle probes touch the sample. The needle probes have been
rotated by an angle $ in order to fit the wrapping coil between
the needle probes to ensure that both systems measure the
magnetic induction variation in the same area.
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Fig. 15.  Experimental hysteresis loops and dB/dt(H) measured through

different needle probe setups, and comparison to the wrapping coil hysteresis
loop for the DC04 sample. (a) B(H). (b) dB/dt(H).

VII. EXPERIMENTAL MEASUREMENTS

The measured hysteresis loops for both DCO04 and
Galfenol samples have been carried out with fi,. = 1 Hz.
Figs. 15 and 16 show the experimental hysteresis loops
through the symmetric setups (CNPS, OS, and TNPS) and the
measured dB/dt for the asymmetric setups (SSOS and AFCS).
For both figures, all signals are compared to the measurements
from the wrapping coil, taken as a reference method. The
signals being symmetrical with respect to the Y-axis, only
the upper section of the functions is shown to increase the
readability of the figures.

The air flux term is clearly noticeable on all experimental
measurements for the chosen needle probes support, since
all setups without air flux compensation (OS and TNPS)
show a clear drift after the magnetic saturation. The results
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Fig. 16.  Experimental hysteresis loops and dB/dt(H) measured through
different needle probe setups, and comparison to the wrapping coil hysteresis
loop for the Galfenol sample. (a) B(H). (b) dB/dt(H).

obtained from the asymmetric setups (SSOS and AFCS) are
also different depending on the chosen face (A or B), such
effect being more noticeable on the dB/dt measurements.
Such asymmetry is linked to the material, since the magnetic
excitation system is symmetric. It is not attempted here to
explain the presence of this asymmetry, an asymmetrical
residual stress distribution being one possible reason, as seen
in Section S.IV. However, the proposed setup gives access to
this asymmetry, allowing for a more complete measurement
than the wrapping coil setup. The asymmetry coefficient easym
for each measurement, calculated according to (17) is given
in Table V.

For more quantitative comparisons between the curves, two
indicators are employed: the relative Euclidean difference
(RED) and the maximum difference (MD). These factors will
be 0 if two curves are identical, and the greater their value,
the greater the differences. Given two arrays (the reference x
and the measured curve y) of size N, their RED and MD are
defined as

>N (eli] - yliD?
S x[iP?

max|x — y|

RED(%) = 100

(28)

MD(%) = 100 29)

max|x|

Tables VI-IX show the RED and MD between the wrapping
coil data (B(H) and dB/dt(H) and the measured data with each
needle probe setup. Both indicators have been calculated for
each one of 20 cycles, allowing to determine the variation on
RED and MD, their average and their standard deviation (SD).
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TABLE V
EXPERIMENTAL ASYMMETRY COEFFICIENTS FOR THE MEASUREMENTS

Sample Setup H easym (%) ‘
DC04 AFCS 5.60
DC04 SSOS 5.35
Galfenol | AFCS 6.07
Galfenol | SSOS 5.52
TABLE VI
RED (%) FOR EACH SETUP FOR THE TWO SAMPLES (B)

\ I DC04 I Galfenol \
‘ Setup H Min/Max ‘ Average ‘ SD H Min/Max ‘ Average ‘ SD ‘
CNPS 0.78 / 1.00 0.86 0.07 0917/ 1.11 0.99 0.06
TNPS 23.39/23.80 23.61 0.09 21.74 1 22.06 2191 0.09

0oS 22.58 /2291 22.74 0.07 24.43 /24.82 24.64 0.11
SSOS A 22.52/22.88 22.69 0.08 23.68 / 23.99 23.84 0.09
SSOS B 22.65 /22.90 22.78 0.07 25.21/25.73 25.51 0.13
AFCS A 2.38/2.59 2.46 0.06 2.35/2.56 2.44 0.07
AFCS B 2.84/3.15 2.96 0.10 4.49 / 5.08 4.72 0.16

TABLE VII
RED (%) FOR EACH SETUP FOR THE TWO SAMPLES (dB/dt)

I DC04 I Galfenol \

‘ Setup H Min/Max ‘ Average ‘ SD H Min/Max ‘ Average ‘ SD ‘
CNPS 5.80 /5.94 5.88 0.05 4.11/4.38 4.24 0.07
TNPS 9.88 / 11.70 10.63 0.67 || 13.61/14.04 1382 | 0.11
0S 9.81/9.87 9.84 0.02 || 1521/15.39 15.28 0.04
SSOS A || 10.23/10.31 1024 | 0.02 || 16.27 / 16.60 16.38 0.07
SSOS B 12.24 / 12.38 12.30 0.03 16.47 / 16.90 16.64 0.12
AFCS A 6.45/6.71 6.61 0.09 8.07 / 8.15 8.10 0.02
AFCS B 9.40/9.52 9.46 0.04 6.99 /7.36 7.14 0.09

TABLE VIII
MD (%) FOR EACH SETUP FOR THE TWO SAMPLES (B)

\ I DC04 I Galfenol \
‘ Setup H Min/Max ‘ Average ‘ SD H Min/Max ‘ Average ‘ SD ‘
CNPS 3.29 /3.77 3.53 0.14 242 /3.13 2.75 0.22
TNPS 31.03 / 31.31 31.17 0.07 28.14 / 28.48 28.28 0.10

oS 29.86 / 30.16 30.00 0.08 31.33 / 31.68 31.48 0.11
SSOS A 29.84 /30.14 29.98 0.08 3091/ 31.26 31.06 0.11
SSOS B 29.87 /1 30.17 30.01 0.07 31.75/ 32.10 31.90 0.11
AFCS A 2.92/3.17 3.03 0.06 3.45/3.69 3.57 0.07
AFCS B 6.07 / 7.28 6.71 0.32 6.34 /7.94 7.07 0.47

TABLE IX
MD (%) FOR EACH SETUP FOR THE TWO SAMPLES (dB/dt)

‘ I DCO04 I Galfenol ‘
‘ Setup H Min/Max ‘ Average ‘ SD H Min/Max ‘ Average ‘ SD ‘
CNPS 8.29 / 8.62 8.39 0.09 5.17 /1 6.04 5.61 0.24
TNPS 10.13 / 15.35 12.88 2.36 11.88 /1543 13.19 1.03

OS 10.21 7 10.40 10.31 0.05 12.22 /7 12.64 12.41 0.15
SSOS A 14.92 / 15.45 15.28 0.13 14.75 1 26.26 16.02 2.58
SSOS B 12.20 / 13.73 12.41 0.32 15.49 / 17.63 15.87 0.50
AFCS A 12.43 / 13.10 12.63 0.18 11.32/12.90 12.16 0.48
AFCS B 14.36 / 14.61 14.49 0.07 6.35/7.32 6.89 0.23

For both materials, the hysteresis loop given by the proposed
setup closely matches the wrapping coil measurement, while
the drift generated by the air flux heavily impacts the setup
without air flux compensation (TNPS, OS, and SSOS). The
air flux brings a supplementary voltage directly proportional
to (d H/dt), and, once integrated, it creates a linear drift on the
B(H) figures for these setups. The AFCS gives similar results
to the proposed setup, but with a noticeable variability of the
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measure depending on the chosen face for the measurement
(A or B).

VIII. CONCLUSION

The needle probe technique is a good candidate for mag-
netic induction measurements thanks to its simple positioning,
requiring only to move the needle probe holder to modify
the position and the direction of the measurement. Therefore,
the requirements on the shape of the sample to test are more
flexible compared to wrapping coil measurements. For the
latter, the sample needs to be long and thin, while the needle
probe technique only requires the sample to have a conductive
surface. Magnetic induction measurements can be carried on
slabs, and two orthogonal pairs of needle probes can be
employed to ensure 2-D measurements of the magnetic flux
variations in the sample. Moreover, the needle probes can be
deployed on a slab without the need to drill holes (which
significantly affect the microstructural state of the material).

This article presents several needle probe setups, with some
already described in the literature and whose strong and weak
points are not only known, but also describes a novel setup.
Even if a greater number of inputs is required to acquire
all the useful signals, this setup combines the advantages
of the previous setups, namely the reduction of the air flux
term and the fact that flux symmetry is not required for
further data treatment. Moreover, measurements sensitive to
flux asymmetries can be implemented, thus allowing a more
thorough study of the magnetic flux distribution compared to
wrapping coils setups.

Furthermore, several uncertainty sources have been studied
through both numerical and analytical approaches. Dual yokes
are required (with their liftoff minimized) to minimize flux
asymmetries generated by the setup, and simple algorithms
are available to fix the other error sources once they have
been measured by a calibration measurement. After correction
of the uncertainty sources, the proposed setup gives the
same measurements in a 1-D-configuration as the wrapping
coil with a RED smaller than 1.2%. Hence, the proposed
setup can replace the wrapping coil system for experimental
setups where the latter is too complex to deploy or where
its deployment alters the flux distribution. Examples of such
configurations are the measurement of magnetic induction on
slabs and hollow pieces.

This study allows defining guidelines for the implementation
of the needle probe technique for magnetic field measure-
ments. It is notably shown that the following aspects should
be considered carefully.

1) The air flux term adds an important drift to the experi-
mental measurements, hence, its correction is necessary,
either by minimizing the effective air surface or by
directly measuring the induced voltage in that surface.

2) The gain and dephasing brought by analog amplifiers
and filters must be precisely measured to minimize
distortions.

3) High-frequency measurements affect the magnetic flux
uniformity through the skin effect and bring both heat
and mechanical vibrations, hence, caution must be taken
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when comparing the needle probe technique to the
reference wrapping coil method.

4) The contact between the needle probes and the sample
surface must be ensured at all times.

Provided that a careful implementation is performed, the
needle probe technique is a very powerful tool for accurate
magnetic induction measurements, with limited restrictions on
the geometry of the inspected specimens.
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