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INTRODUCTION

Magnetostriction is one of the magnetic properties that accompany ferromagnetism. It causes
reversible deformations of a material body due to magnetization arising from an applied
magnetic field.

Nowadays, the environmental problem of acoustic noise pollution caused by transformers and
other applications of electrical steels (e.g. ballast, motors, etc.) is a concern of industry [31]1.
Magnetostriction of electrical steels is recognized as one of the causes of the problem and a
standardization of methods of measurement of the magnetostriction is required to advance
developments in materials to address this problem.

Histori¢ally, several methods have been used to measure magnetostriction including strain
gauge,| capacitance, differential transformer, piezoelectric pick-up and piezoglectric
accelefometer methods. However, these methods require skill to set up the senser acdurately
and to| avoid vibrational noise that accompanies these contact methods(sTo solvg these
problems, optical methods that adopt optical vibrometers and optical displagcement meters have
been developed [1]-[8].

The optical method satisfies the following requirements for the measurement: non-contagt, high
resolutjon, high reproducibility and ease of operation without any special skill on the part of the
operator. Several optical sensors can be used: laser Doppler vibrometers, hetegrodyne
displagement meters and laser displacement meters with high'resolution.

Magnelostriction is a magneto-mechanical phenomenén which accompanies the chang¢ of the
volumg fraction of magnetic domains which have a certain magnetic orientation with regpect to
the dirgction of the applied magnetic field, and which’is intrinsically sensitive to stress [14],[15].
The stfess sensitivity is dependent on material€onditions such as grain orientation, residual
stress gnd coating tension. The magnetostriction of electrical steel is increased by compfessive
stressgs in the magnetizing direction ratherthan tensile stresses [9],[16]-[23]. Magnetic dores of
electrigal machines such as transformers\often contain areas of increased stress. Therefore the
stress pensitivity should be evaluated(under a specified stress.

The acpustic noise emission fromtransformers and other machines is usually evaluated ip terms
of the A-weighted sound pressure level specified in IEC 61672-1. Vibration velocities caysed by
magnetfostriction are transformed into sound pressure on the surface of the materials. Therefore,
A-weighted characteristics- of magnetostriction, such as A-weighted magnetostriction yelocity
level of A-weighted miagnetostriction acceleration level, are necessary for the assessment of
electrigal steel sheets-with respect to the acoustic noise [24]-[26].

This tgchnical eport is comprised of articles which review the optical and accelerffometer
methods ofmeasurement of magnetostriction with the aim of producing a standard method of
measufement of magnetostriction.

Two methods, by a single sheet tester and by a single strip tester, are described. The former
should be applied to single sheet specimens with width of not less than 100 mm which have not
been stress relief annealed. The latter method should be applied to Epstein test specimens,
which may have been stress relief annealed to remove stresses imparted to the specimens
during preparation.

1 The figures in square brackets refer to the Bibliography.
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ELECTRICAL STEEL -
METHODS OF MEASUREMENT OF
THE MAGNETOSTRICTION CHARACTERISTICS
BY MEANS OF SINGLE SHEET AND EPSTEIN TEST SPECIMENS

ope

5 and accelerometers.

rmative references

owing referenced documents are indispensable for the application of this documg

frical steel sheetland strip by means of an Epstein frame

IEC 60

IEC 61

3 Te

672-1, Electroacoustics — Sound level meters — Part 1: Specifications

rms and definitions

rement
m wide

methods are applicable to test specimens obtained from electrical steglsheets angd strips
grade. The characteristics of magnetostriction are determined fofa'sinusoidal ipduced
, for specified peak values of magnetic polarization and for a specified frequency.

basurements are made at an ambient temperature of 23°€ + 5 °C on test sperimens
which have first been demagnetized.

nt. For

eferences, only the edition cited applies. Eor undated references, the latest editiop of the

ced document (including any amendments) applies.

050-121, International Electrotechhical Vocabulary — Part 121: Electromagnetism
050-221, International Electrotechnical Vocabulary — Chapter 221: Magnetic materials
mponents

perties

04-3:1992,~“Magnetic materials — Part 3: Methods of measurement of the magnetic
properties of electrical steel strip and sheet by means of a single sheet tester
Amendment 42(2002)
Amendment 2°(2009)

For the purpose of this document, the definitions of the principal terms relating to magnetic
properties given in IEC 60050-121 and IEC 60050-221 apply, as well as the following terms and
definitions:

3.1

butterfly loop
hysteresis loop of the strain measured in the direction of applied field versus the magnetic
polarization for a period of an alternating magnetization
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3.2

zero-to-peak magnetostriction

Aop

net strain measured in the direction of applied field from the zero magnetic polarization to a
given magnetic polarization

3.3
peak-t

Ao—p

o-peak magnetostriction

amplitude of the strain measured in the direction of the applied field under alternating

magne

4 Mithod of measurement of the magnetostriction characteristics ofelec

st

4.1

Measu

Mutual inductor
for air flux compen:

Yoke

Base g

Anti-vibratio

\

tization

el sheets under applied stress by means of a single sheet tester

Principle of the method

AT\ Clamp Mutual inductor
ation M for air flux compensation
\x

Windings Windings

Optical target
(pasted on the
test specimeh)

Optical tard
(pasted on
test speci

Test specimen

Stressing device
(air cylinder drive)

(

Yoke

Base plate

table Anti-vibration table

Optical sensor head Reflector

(single point measurement)

Optical sensor heg
(differential measy

trical

rement systems for magnetostriction are shown in Figure 1 andcFigure 2. A block diagram
of the neasurement system is shown in Figure 3.

et
he
nen)

pecimen

$tressing device

hir cylinder drive)

ds
rement)

Figure 1 — Measurement systems for magnetostriction
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The distance between the clamp Clamp

Optical sensor head Optical target and the optical target (/o) / Test specimen
Spacer sheet
(under the test specimen)

Positioner = Yoke

I Base plate
Air cylinder ﬂﬂ
I =)
\ — Anti-vibration table
\
Load cell \ Stressing device Windings

Figure 2 — Section of the test frame; A-A’ in Figure 1

sampling clock

S test specimen
Arbitrary T optical target
Power
waveform we > ch. X C clamp
generator amplifier M mutual inductor for air flux comgensation
- 2-channel N, primary winding
digitizer N, secondary winding
Optioal | |
sensor ch. Y

Figure 3 — Block diagram of the measurement system
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The test specimen comprises a sample of electrical steel sheet and is placed inside two
windings:

— an external primary winding;

— an interior secondary winding.

The flux closure is made by a magnetic circuit consisting of a yoke, the cross-section of which is
large compared with that of the test specimen. There are narrow and homogeneous gaps
between the test specimen and the pole faces of the yoke to weaken the electromagnetic force
between them. The test frame that consists of the yoke, the windings and a clamp should be
permanently fixed to a rigid base during the measurement.

The tegt specimen is fixed to the base at one end of the windings using the clamp'siown in
Figure |1. An optical target is pasted on the centerline of the surface of the test speCimen at the
other end of the windings. Changes in length between the clamping point and the optical target
are me@asured using an optical sensor.

In order to reduce the effect of stray fields between the test specimen_and the pole faces, the
optical|sensor should be at a sufficient working distance from the test‘frame.

Two measurement types of optical sensor can be used: a single point measurement and a
differemptial measurement. The single point measurement uses:a‘sensor head fixed on the base
and measures vibration or displacement between the optical-target and the sensor head. The
differeptial measurement uses two sensor heads and mgasures vibration and displagement
betwedn the optical target and a reflector fixed on the base” The latter system has advantages of
(a) cancellation of external noise and in (b) setting the sensors separately from the base.

Care spall be taken to minimize noise vibrationsZcaused by resonances of the test frame and
external vibrations. The test frame shall be placed on an anti-vibration table in order to|isolate
the test frame from external vibration.

Care ghall be taken to prevent out:ef-plane deformations of the test specimen. The test
specimen shall be placed on a flat-and smooth surface in the test frame and kept flat duifing the
measufement (see Annex A).

4.2 Test specimen

The lenpgth of the test_specimen should be not less than 500 mm. The part of the spgcimen
situatef outside the.pdle faces should not be longer than is necessary to facilitate insertfon and
removal of the test specimen and to apply an external stress to the test specimen|in the
longitudinal direction.

The wigthdof the test specimen should be not less than 100 mm.

NOTE Since the average grain diameter for the high permeability grain-oriented electrical steel sheet is about 10-20
mm, a comparatively large sample size is required. The test specimen should be wide enough to take into account the
affected region close to the cut edges. However, it may be difficult to produce a flux closure yoke with flat and
coplanar faces for wider test specimens.

The test specimen should be cut without forming large burrs or mechanical distortion. The test
specimen shall be flat. When a test specimen is cut, the edge of the parent strip is taken as the
reference direction. The following tolerances are allowed for in the angle between the direction
of rolling and that of cutting:

— +1° for grain-oriented electrical steel sheet;

— +5° for non-oriented electrical steel sheet.
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4.3 Yokes

Several types of yoke can be used (see Figure 4):

— a horizontal single or double yoke;

— a vertical single or double yoke.

The horizontal yokes make a horizontal flux closure and the vertical yokes make a vertical flux
closure. Each pole face is horizontal in both types of yoke.

Each yoke is made up of insulated sheets of grain-oriented electrical steel or nickel iron alloy. It
should have a low reluctance and therefore stress relief annealing of the cut strips is required.

The tw
shall b

In orde
flux ov
In the

specimen and the pole faces shall be long enough and not less than 25 mm.

Before

The eld

b constructed in accordance with the requirements of Annex A of IEC 60404-8.
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Clamp

Yoke

Windi
incings Optical target

Optical target

Test specimen
Testspefpimen

Figure 4a — Horizontal single yoke Figure 4b — Horizontal’double yoke

Clamp

Windings
Windings

Optical target

—

Optical targe
Yoke P 9

Test specimen
P Test specimen

Figure 4c - Vertical single yoke Figure 4d - Vertical double yoke

Figure 4 — Frames with various types of yoke

4.4 YVindings

The primary and secondary windings are wound on a rectangular former made of
non-conducting, non-magnetic material. The length of the former is shorter than the distance
between the pole faces of the yokes to avoid the effect of stray fields between the test specimen
and the pole faces.

The number of turns of the primary winding will depend on the characteristics of the power
supply.

The number of turns of the secondary winding will depend on the characteristics of the
measuring instruments.

The test specimen is inserted through the inside hollow of the former and supported on a plate
of non-conducting and non-magnetic material. The surface of the plate in contact with the test
specimen shall be flat and smooth with its surface coplanar with the pole faces within 0,03 mm
(see Annex A).
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4.5 Air flux compensation

Compensation should be made for the effect of air flux, for example, by means of a mutual
inductor.

The primary winding of the mutual inductor is connected in series with the primary winding of the
test frame, while the secondary winding of the mutual inductor is connected to the secondary
winding of the test frame in series opposition.

The adjustment of the mutual inductance shall be made so that, when passing an alternating
current through the primary winding in the absence of the specimen in the test frame, the voltage
measured between the non-common terminals of the secondary windings should be no more
than 0,1 % of the voltage appearing across the secondary winding of the test frame alope.

Thus the average value of the rectified voltage induced in the combined secondary windings is
proporfional to the peak value of the magnetic polarization in the test specimen:

Compensation can be achieved by a digital method without the mutual inductor. The contribution
of air flux in the secondary induced voltage can be calculated from the<primary current and then
by subfracting it from the measured secondary induced voltage.

4.6 Power supply

The power supply should be of low internal impedance and should be highly stable in t¢rms of
voltagg and frequency. During the measurement, theyvoeltage and the frequency shquld be
maintalned constant within + 0,2 %.

The power supply comprises an arbitrary signal.génerator consisting of a waveform synthesizer
and vo[tage and frequency controller and a power amplifier. The arbitrary signal generatpr shall
have two outputs: one for the magnetizing-signal supplied to the power amplifier and thg other
for the [synchronized sampling clock supplied to a 2-channel digitizer.

In addftion, the waveform of the‘secondary induced voltage should be maintained gs near
sinusoidal as possible. It is preferable to maintain the form factor of the secondary voltage to
within £ 1 % of 1,111. This ean be achieved by various means, for example, by uging an
electropic feedback amplifier or by a digital feedback procedure through a computer.

4.7 Dptical sensor

The optical sensor-can detect changes in displacement of the optical target fixed on the test
specimen with ‘a_high resolution of better than 10 nm in the displacement of the optical target at
the frequency.of 100 Hz. However, a resolution of better than 3 nm is recommended.

& rosolutiono e lonath o am—correspbonds—toa resolutiono =8 in moanotoctric
NOTE Whe— ltion—of-the—tength—of10rm—corrosponds—to—a— ftion—of-3-3<10—inmaghetestriction for a
distance of 300 mm between the clamp and the optical target. The higher resolution of 1 x 10~8 in magnetostriction is

required for high permeability grain-oriented electrical steel sheet used for low noise transformers in which the
magnetostriction is less than 1 x 1078,

Either optical vibrometer or optical displacement meters can be used. The optical vibrometer,
e.g. a laser Doppler vibrometer, detects changes in displacement of the optical target and is
suitable for a.c. measurements. The optical displacement meter, e.g. a heterodyne
displacement meter, detects the displacement of the optical target from the sensor head and is
suitable for d.c. measurements and a.c. measurements at low frequency.

A laser Doppler vibrometer is recommended for the optical vibrometer. This sensor has
adequate performance for measurements of the magnetostriction: high spatial resolution, high
stability, a wide range of frequency and velocity, and is unaffected by magnetic field and
temperature. It may be used remotely to enable flexibility in sensor positioning. It is readily
available and requires little operator skill.
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Two measurement methods are available for optical sensors: a single point measurement
method and a differential measurement method. The single point measurement method adopts
a sensor head and measures vibration or displacement between the optical target and the
sensor head. The differential measurement method adopts two sensor heads and measures the
difference of vibration or displacement between the optical target on the test specimen and the
reflector fixed on the test frame base. The differential measurement method has the advantage
that the sensor heads are divorced from the test frame base and any external noise is cancelled
and therefore is not detected.

In the case of optical sensors, beams of light are focused on the optical target or the reflector.
The optical target and the reflector reflect back the beams of light to the optical sensor. The
optical target should be of low profile, low mass (less than 0,05 g) and made of a non-conducting
and ngn-magnetic material in order to undertake measurements of magnetostrictipn: for
example, 4 mm in height and 3 mm to 5 mm in width and depth. The optical target can\be|pasted
at a fixed position on the test specimen before inserting the test specimen into the.test|{frame.
Reflecting thin films can be pasted on the surfaces of the optical target and the\reflecton facing
the optjical sensors.

4.8 Btressing device

The stressing device should apply the stress along the axis of the test specimen. An air cylinder,
which i fastened to the base plate, holds the stressing device and dfives the stressing de¢vice in
the dirgction of the axis of the test specimen. Another device can be used instead of|the air
cylindefr if it is flexible to length change of the test specimen caused by magnetostriction.|A load
cell is |nstalled between the stressing device and the ajrgylinder to detect stresses applied to
the test specimen. These devices shall be prepared s@ as not to prevent the magnetostriction
measufement by those resonances.

The sftressing device applies compressive“stress to the test specimen when the
magnetostriction under compressive stress is measured, otherwise the stressing device ghall be
retract¢d and removed from the test specimen. Stresses of up to 5 MPa can be applied between
the clamp and the stressing device in.the longitudinal direction of the test specimen] A low
friction| non-rotating air cylinder can e used for this purpose (see Figure 2).

NOTE The stress sensitivity of magnetostriction may be measured at a specified compressive stress of, for ¢xample,
3 MPa.

The prgssure of the air cylinder can be controlled easily by air through an electro-pngumatic
valve dontrolled by a d.c. voltage. The load cell installed between the test specimen and|the air
cylinder detects the stress.

4.9 Data acquisitions

simultgneQusly and recorded as a set of signal data by a 2-channel digitizer.

The oqtput voltage of the optical sensor and the secondary induced voltage shall be djgitized

NOTE A 2-channel digital sampling oscilloscope can be used as the 2-channel digitizer.

The 2-channel digitizer has two independent channels composed of calibrated amplifiers,
sample-and-hold circuits and calibrated analogue to digital converters (ADC). The gain
selectable amplifiers should enable a wide range of input voltage and frequency. The
2-channels are sampled simultaneously with the sampling clock generated by the arbitrary
signal generator and then digitized. The resolution of ADC shall be a minimum of 12 bits.

To avoid loading the secondary winding, the 2-channel digitizer should have sufficiently high
input impedance and low capacitance (typically 1 MQ in parallel with about 100 pF).

The output voltage of the laser Doppler vibrometer is proportional to the time derivative of
magnetostriction dA(¢)/ds. On the other hand, the output of the heterodyne displacement meter

is proportional to the magnetostriction A(z).
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The secondary induced voltage is proportion to the time derivative of magnetic polarization
dJ(t)/dt. Two approaches can be used for the integration of derivative signals to obtain A(¢)

from dA(:)/d: and J(¢) from dJ(z)/d::

— analogue integration and digitizing;
— digitizing and numerical integration.

The former approach requires analogue integrators with wide input voltage and frequency
ranges. The latter approach requires ADC with the wide input ranges and higher resolutions.

It is recommended that the sampling frequency is a multiple of the magnetizing frequency
(Nyqui iti TCi Tgitizi —tt i hat the
number of samples per period of magnetization shall be equal to the power of 2 in terms.of digital
data pirlocessing such as a fast Fourier transform (FFT): for instance 512 or 1024 Samplles per
period pf magnetization.

In ordefr to improve data qualities, the data acquisitions can be extended for multiple petiods of
magnetization and the data are then averaged into periodical signal data¥

4.10 Data processing
The signal data which has been obtained are processed numerically by computer by

— intgdgration;

— fas{ Fourier transform (FFT);

— recpnstruction of signals after band pass filteringj

— calgulation of the A-weighted magnetostriction characteristics (see Annex C).

4.11 Preparation for measurement

The length of the test specimen should be measured with an accuracy of + 0,1 % and it mass
determlined within £ 0,1 %. The test specimen on which the optical target was pasted beforehand
shall be loaded and centered on the longitudinal and transverse axes of the windings.

The tegt specimen should be fastened to the base by the clamp so that the distance betwegen the
clamp and the optical target is kept to a set length with an accuracy of + 0,1 %.

In order to prevent.out-of-plane deformations of the test specimen, a thin glass plate or g slight
load may be placed-on the test specimen. The load should not be so excessive as to bring about
deformjations of the test specimen caused by magnetostriction.

In the ¢asé of measurement under applied stress, compressive stress is slowly applied to the
test speetmenusingthe-stressing-deviceunti-theloadindicator-hasreachedthe+equired value.
Care should be taken to avoid an excessive load and out-of-plane deformations of the test
specimen.

In the case of the vertical double yoke frame, the partly counterbalanced upper yoke is lowered.

Before the measurement, the test specimen should be demagnetized by slowly decreasing an
alternating magnetic field starting from well above the value to be measured.

The output voltage of the optical sensor and the secondary induced voltage are digitized by the
2-channel digitizer. If the analogue integration is adopted, the output voltage of the analogue
integrator shall be digitized instead.
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4.12 Adjustment of power supply

The power supply output is slowly increased until the desired peak value of magnetic

polariz

ation Jis reached.

The peak value of magnetic polarization can be determined by digitized data of the secondary
induced voltage.

An alternative method of the adjustment is possible. An average type voltmeter with sufficiently
high input impedance and low capacitance (typically 1 MQ in parallel with about 100 pF) can be
connected to the input terminal of the 2-channel digitizer. The power supply output should be

slowly [ncreased until the average rectified value of the secondary voltage [U,[ nhas reac
requirgd value. This is calculated from the desired peak value of magnetic polarizatior
means|of
Us| =41 Ny aJ
where
@ i$ the average value of the secondary rectified voltage, in\volts;
f i$ the frequency, in hertz;
N, i$ the number of turns of the secondary windings
A i$ the cross-sectional area of the test specimen, in square metres;
J i$ the peak value of magnetic polarizationyin tesla.

The crpss-sectional area 4 is given by.the“equation

where

m i
/

Pm

q

m

A=
! Pm

5 the mass of thetest specimen, in kilograms;
5 the length«ofthe test specimen, in metres;

5 the density of the test material, in kilograms per cubic metre.

413

easurement

hed the
J by

(1)

(2)

The instantaneous value of the magnetostriction A(¢) 1s measured by the change In a base

length

where
A(t)
Aly(1)

I, within the uniformly magnetized area of the test specimen:
Iy

is the instantaneous value of the magnetostriction at time ¢;

(3)

is the change in the base length at time ¢ from the length in demagnetized state, in

metres;

is the base length of the test specimen, in metres.
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Io = the distance between the clamp ~ Clamp /o= the distance between the clamp  Clamp

Optical target \ and the optical target / Test specimen Optical target « and the optical target Test specimen
= = Yoke = >;;j Yoke
Windings Windings
Figure 5a — Horizontal single or double yoke type and Figure 5b — Split winding type of Figure 5a
Vertical single yoke type (see Figure 9)
lo 1o = the effective’mMagnetic path length Thst specimen
Clamp
Optical target i / Test specimen Optical target }*77 77777777777777777777777777 =73 Clamp
************************* hl | L, . O P |
| ' L /]
| |/ | R S o
—_————— Yoke ﬁ_gi Yoke
Windings Windings
Figure 5c — Vertical single or double yoke Figure 5d — Vertical single or double yoke|[type;

different arrangement from Figure 5¢
Figure 5 — Base length-/, for various types of frame (see Figure 4)

Figure b shows the base length / for various types of frame shown in Figure 4. In the cgse that

the clamp and the optical target are arranged at the inside of yoke, the base length is the
distande between the'clamp and the optical target on the test specimen. In the other calse, the
base d|stance is shortér than the distance between the clamp and the optical target. The|part of
the tesf specimen(ciose to the inner part of the yoke may show higher magnetostriction than the
rest of|the test\specimen due to increases in 90° domain volumes (see 7.1) by magngtic flux
shorting tothe yoke. Therefore a careful calibration of the base length is necessary in the latter
case.

The data acquisitions are executed for multiple periods of magnetization by the 2-channel
digitizer and the data are averaged into periodical signal data.

The output voltage of the laser Doppler vibrometer U, is proportional to the time derivative of
length change of the test specimen:

dA(r)

Uy =kylog ——~ 4
\ v ‘0 dr ( )
where

Uy is the output voltage of the laser Doppler vibrometer, in volts;

ky is the sensitivity of the laser Doppler vibrometer, in volts second per metre;
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ly is the base length on the test specimen, in metres;
A(t) is the instantaneous value of the magnetostriction at time ¢.
The secondary induced voltage U, is in proportion to the time derivative of magnetic
polarization:
dJ(r)
Uy =-Ny 4 S
2=—Np A= (5)

where
U, is the secondary induced voltage, in volts;
Ny is the number of turns of the secondary winding;
A is the cross-sectional area of the test specimen, in square metres;
J() is the instantaneous value of the magnetic polarization at time, £ ,in tesla.

The mpgnetostriction A(r) and magnetic polarization J(¢) can be-ebtained by integra
equatigns (4) and (5):

1
At) = e jUVdHcV
J() = —— ju dt +C
T TN 4 2 2
where
C, i$ the integration constant which-can be determined from the following relation:

When

executed through the data processing in the computer. Alternatively, these integratig
executed/by-the analogue integrators.

ANt)=0 at J()=0

$ the integration constant which can be determined from the following relation:
1f
Io J(t)dr=0

Analogue Jintegrators are not adopted, the integrations in equations (6) and

tion of

(6)

(7)

(8)

(9)

7) are
ns are

In the case where the heterodyne displacement meter is adopted instead of the laser Doppler
vibrometer, the following equation is to be used instead of equation (6):

1

At) =
(6) e

Uy

where

Uy
kg

Im

is the output voltage of the heterodyne displacement meter, in volts;

is the sensitivity of the heterodyne displacement meter, in volts per metre;

(10)

is the distance between the clamp and the optical target on the test specimen, in metres.
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If the signal to noise ratio of the magnetostriction A(¢) and the magnetic polarization J(¢) are

not sufficiently high, they may be increased through digital band pass filtering in the numerical
mode.

As the odd harmonic components of magnetostriction do not exist theoretically under sinusoidal
magnetization, they could be eliminated as noise. If the sampling number per magnetic period is
even, averaging over a half period could eliminate the odd harmonics component.

4.14 Determination of the butterfly loop

By plotting the magnetostriction A(¢) on the vertical axis and the magnetic polarization J(z)

on the porizontataxisfora pwiuu' of |l|dg||cii4diiun, the buﬁwﬂy iuup cambe deternmimet: Figure
6 shows an example of the butterfly loop.

07 |
0 —1
ﬂo_p
lp-p ,10_p zero-to-peak magnefostriction
A % /1p_p peak-to-peak magnejostriction
5
r T T T

-2 -1 0 1 2
Flux density (T)

x1

Magnetostriction

Figure 6 — Butterfly loop and determinations of zero-to-peak
and peak-to-peak valuessof magnetostriction

4.15 Determinations of the zero-to-peak‘and peak-to-peak values

Figure |6 shows the relationships between a butterfly loop and zero-to-peak and peak-fo-peak
values|of magnetostriction.

The zero-to-peak magnetostriction Aop is determined as the instantaneous value |of the
magnetostriction A(¢) atthe instant of the maximum magnetic polarization.

The peak-to-peak “wmagnetostriction 2 is determined as the amplitude of the

P-p
magnetostriction’{1(¢) in a period of magnetization.

NOTE For,magnetostriction characteristics consider the acoustic A weighting filter; see Annex C.

The reproducibility depends on the stress condition of the test specimen in the test frame. The
reproducibility of this method, using the test apparatus defined above, is characterized by a
relative standard deviation of 5 % for electrical steel sheets.

5 Examples of the measurement systems

5.1 Single sheet tester

Historically, several methods have been used to measure the magnetostriction of electrical steel
sheets: strain gauge, capacitance, differential transformer, piezoelectric pick-up and
piezoelectric accelerometer methods. However, these methods have difficulties in
measurement. The strain gauge method is a local measurement at the point where the gauge is
adhered to the test specimen and many gauges are necessary to obtain average characteristics
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of magnetostriction over a considerably large area of specimen, especially for high permeability
grain-oriented electrical steel sheet with large crystalline grains. The capacitance methods
require skill to set up the sensor accurately. The other methods require skill to avoid vibrational
noise caused by transmission from equipment in contact with the test specimen.

To solve these problems, non-contact methods using optical sensors have been developed
[11-[9], [11], [15]. Michelson interferometers have been used to detect magnetostriction. Figure
7 shows a measurement system using a Michelson interferometer [1]. The test specimen has a
length of 500 mm and a width between 25 mm and 100 mm. An open magnetic circuit is adopted
so as to make the test specimen free from any external forces. Two mirrors are pasted to the
uniform magnetization part of the test specimen with a separation of 200 mm. Those mirrors
constitute parts of the Michelson interferometer. Magnetostriction is detected by the
displagement of interference fringes on the screen. The separation distance betwegen the
mirrorg is measured. The theoretical sensitivity of magnetostriction is 2 x 1079.
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2-channel digital, 2-channel prbitrary
] oscilloscope Sampling waveform denerator

ch.Y  oghX clock —
Base Additional
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ower amplifier
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Figure 7 — Measurement.system using a Figure 8 — Measurement system usjng a
Michelson interferometer; differential laser Doppler vibrometer; differential
measurement [1] measurement [2], [3], [17]

The Igsef,~Boppler vibrometers have adequate performance for the sensor to |detect
magnejostfiction. They have high spatial resolution, high stability, a wide range of oplerating
frequency and velocity, and are unaffected by magnetic field and temperature. They can work
remotely which allows flexibility in the positioning of the sensor and they are readily available,
requiring little operator skill. Figure 8 shows a measurement system using a laser Doppler
vibrometer to detect magnetostriction velocity [2], [3], [17], [25]. The test specimen has a length
of 500 mm and a width of 100 mm. A closed magnetic circuit is formed using a horizontal single
yoke [28], [29]. The test specimen is clamped to the base plate at one end of the windings and
an optical target is pasted on the test specimen at the other end of the windings. The distance
between the clamp and the optical target is 270 mm. The sensor is of the differential
measurement type and detects the difference in velocity between the optical target and a
reflector fixed on the base plate. The stress sensitivity of magnetostriction can be evaluated
using a stressing device driven by an air cylinder and an electro-pneumatic valve controlled by
a d.c. voltage. Equipments are digitalized to enable full automatic measurements by computer
controls. This system can measure the magnetostriction over the frequency range of 20 Hz to
1000 Hz and under non-sinusoidal magnetization as well as sinusoidal magnetization.
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Figure 9 shows a measurement system that uses two different types of sensors: a laser Doppler
vibrometer to detect the magnetostriction velocity and a heterodyne displacement meter to
detect the magnetostriction [4], [5]. The test specimen has a length of 500 mm and a width of 100
mm. A closed magnetic circuit is formed using a horizontal double yoke. The test specimen is not
fixed to the base plate. Two optical targets are fixed on the test specimen with a separation of
170 mm. In the case of the laser Doppler vibrometer, the sensor is a single point measurement
type and measurements are repeated for two optical targets alternatively and the difference in
velocity between them is calculated. In the case of the heterodyne displacement meter, the
sensor is a differential measurement type and the difference in displacement between the two
optical targets is detected. The resolution of the measurement of magnetostriction is about

3 x 10 for both sensors.
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A laser displacement meter using the triangulation method may be used to detect the
magnetostriction roughly. Figure 10 shows a measurement system using a laser displacement
meter [7]. The test specimen has a length of 500 mm and a width of 100 mm. A closed magnetic
circuit is formed using a yoke. The test specimen is fixed to the base plate at one end of the
uniform area of magnetic polarization. A reflection board is installed at the other end. The
distance between the fixed part of the test specimen and the fixed part of the reflection board is
190 mm. The resolution of the laser displacement meter is 10 nm and the resolution of

magnetostriction is 5,3 x 1078,

Figure 11 shows a measurement system using a laser displacement meter to detect
magnetostriction [6]. The test specimen has a length of 500 mm and a width of 100 mm. A closed
magnetie-eireui-is—formed-using-a—vertcal-double—yoke—he—vertical-orientation-of-the-wjndings
and the test specimen is to avoid mechanical contact of the test specimen with any solid|part of
the sydtem except the clamp. The test specimen is clamped to the base at the uppertend. The
magnetized length is 470 mm. A fine grating of a laser linear encoder is attached|on the lower
part of the test specimen below the yokes. The lower end of the test specimen_is connected to
the jawls of a hydraulic system. The laser linear encoder measures the displagement of the fine
grating, detecting the interference of reflected-diffracted light of a laser source. It has a
maximyum resolution of 10 nm with 10 kHz periodicity. The resolution efimagnetostriction is

1,5 x 1p~8. This system measures the magnetostriction at magnetizing.frequencies in th¢ range
of 0,5 IHz to 500 Hz.

[
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Wattnjeter ———Ij[ | system \
4 Solid block for level ~ Test specimen foke
Laser displacement meter A;rating Primary winding Secondary|winding
[ ] (39 turns) (10 turhs)
Figurp 11 =<<Measurement system using a Figure 12 — Measurement system using a
laser displacement meter; single point laser Doppler vibrometer; single point
measurement [6] measurement [8]

A single point laser Doppler vibrometer is used to detect the magnetostriction velocity. Figure 12
shows a measurement system using a single point laser Doppler vibrometer [8]. The test
specimen has a length of 303 mm and a width of 30 mm. A closed magnetic circuit is formed
using a vertical single yoke. The test specimen is clamped at one end and the laser beam is
focused on the other end. The distance between the clamp and the laser focus is 300 mm. The
resolution of magnetostriction is 6,5 x 10-9. This system measures the magnetostriction at
magnetizing frequencies in the range of 500 Hz to 3000 Hz.

As shown above, most measurement systems for magnetostriction adopt a single sheet tester
with single yoke and test specimen size of 100 mm in width and 500 mm in length. Single yokes
are advantageous rather than double type yokes to fix the optical target on the test specimen
within the yoke. Horizontal type yokes are more advantageous than vertical type yokes to make
coplanar pole faces [28], [29]. Digital sampling methods are essentially adapted to the
equipments in all of the above systems: signals of magnetostriction and magnetic polarization
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are acquired using 2-channel digitizer and the signals data are processed by computer to
determine the magnetostriction characteristics.

5.2 Epstein strip tester

The magnetic cores of electrical machines such as transformers are manufactured from
laminations of electrical steel. When machines such as these are built, they invariably contain
areas of increased stress. These stresses arise from factors such as non-uniform clamping and
temperature variations across the core [18]. Of particular interest is the magnetostriction due to
its high stress sensitivity and its major influence on the noise emanating from transformer cores
[30]. The system described here is based on the use of accelerometer sensors offering a rapid
and user-friendly measurement of the harmonics of magnetostriction together with the
simultgneous assessment of power 0SS and permeability under applied SIress.

A schematic diagram of the measurement system is shown in Figure 13. A single Epste¢in test
specimen, which has been stress relief annealed to remove stresses imparted to the specimen
during |preparation, is inserted into a non-conductive, non-magnetic resinformer which is
enwrapgped by the secondary and primary windings. Flux closure is by way‘of,a wound elgctrical
steel yoke. A mutual inductor is connected in series opposition with, the main primgry and
secondary windings in order to compensate for air flux enclosed By<the secondary winding
[91.[10}[12],[22].
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y IIEG:]

Figure|13 — Schematic diagram of an automated system using accelerometer sensqgrs [12]

The system base also houses the driver electronics which connects to a rack contaianng the
loss tester fogether with power supplies for the system components. The loss tester geperates
and cqntrols the magnetlzat|on and measures magnetlc parameters |nclud|ng power loss,
apparentg y 6 which is
itself under the control of the main system computer using R8232 communlcatlons A ROM
holding a 2048 increment sinusoid with an 8 bit amplitude resolution is clocked into an
analogue to digital converter to give the test waveform [13]. This is then amplified to give the
magnetization signal. Negative feedback is taken from the secondary windings via a buffer
amplifier to the input of the power amplifier for sinusoidal control of the flux waveform.

Stress is applied uniaxially along the length and in the plane of the 305 mm x 30 mm Epstein
test specimen by a low friction, non-rotating cylinder. The pressure in this cylinder is controlled
by electro-pneumatic valves which are, in turn, controlled by a d.c. voltage generated by the PC
data acquisition card. The computer provides highly controllable stressing by monitoring the
output of a lightweight, washer-type in-line load cell utilising a simple control algorithm.
Switching between tension and compression is initiated by the computer which uses digital
outputs to operate solenoid valves powered by the driver amplifiers. Given a stable pressurised
air supply of approximately 0,7 MPa a range of stress values from -10 MPa to 10 MPa can be
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applied to the samples under test. It is estimated that the stress in the test specimen can be set
with an uncertainty of approximately + 0,2 MPa.

In this system, the piezoelectric accelerometer was used instead of optical methods. The
chosen sensor exhibits a very high sensitivity (1 V/g) together with low mass (< 5 g) and low
cross axis sensitivity that makes it ideal for this application. The accelerometer method also
eliminates the requirement for accurate, time consuming setting up, as in most of the
alternative methods, which is essential for an automated system.

Two accelerometers, containing miniaturised charge amplifiers, are used for the measurement
of magnetostriction. The first, mounted on the clamp at the fixed end of the strip, provides a
reference signal whilst the second is incarporated into a clamp attached to the free end of the
strip. These accelerometers are connected to a coupler that provides a constant current{supply
for the|sensors and amplifies and filters their output signal. The two channel output from the
couplef is summed, as the reference is mounted in the opposite direction to the‘active |[sensor
and wHose output is thus opposite in sign, and passed to the data acquisition,card in tHe main
compuier. Custom written software then filters, double integrates, calibrates-and perfprms a
fast Fqurier transform on the data to give the peak value of magnetostriction for geveral
harmonics.

Magnetizing frequencies of 50 Hz or 60 Hz are available although the magnetostriction
measufement system is capable of an estimated frequency ‘0f/500 Hz for the magretizing
signal,|limited by the measurable range of acceleration by the sensors.

The uncertainty in the measurement of magnetostriction.is highly dependent on the magnetic
and stress states of the test specimen. Taking .these influences into consideratidn it is
estimated that the uncertainty in the measurement:of magnetostriction is + 2 %.

The pdwer loss is calculated in the loss tester by firstly evaluating the vector produc{ of the
magnetizing field and the flux density deriyvative using an analogue multiplier. The outpuf of this
multiplier is averaged by an amplifier to\give a d.c. voltage which is proportional to theg power
dissipdtion in the sample. This voltage is digitised by an analogue to digital conver{er and
passed to the computer which calculates the specific total power loss using various pcaling
factors|such as the excitation frequency and sample density. The value of the magnetizipg field
is assymed to be directly préportional to the magnetizing current passing through 3 shunt
resistof in the ground return of the test frame primary circuit while the secondary voltage is
proporiional to the derivative of the flux density. At constant temperature, the uncertainty of the
specifi¢ total loss measurement has been found to be within = 1 %.

6 Examples-of measurement

6.1 ragnetostriction without external stress
Measurements of magnetostriction are usually performe y_acquisition or_signals of

magnetostriction and magnetic polarization by digital sampling methods.

Figure 14 shows an example of magnetostriction characteristics of a high permeability
grain-oriented electrical steel sheet 0,30 mm thick for peak magnetic polarizations of 1,3 T; 1,5
T;1,7T; 1,8 T and 1,9 T under alternating magnetization of 50 Hz [2]. There are six figures
derived from the same data set of signals of magnetostriction and magnetic polarization: (a)
signals of magnetostriction, (b) butterfly loops, (c) signals of magnetic polarization, (d)
zero-to-peak and peak-to-peak values of magnetostriction versus peak value of magnetic
polarization, (e) power spectrum of harmonics in magnetostriction, (f) power spectrum of
harmonics in the A-weighted magnetostriction velocity (see Annex C). Vertical axes of (e) and (f)
are decibel values referred to 1 um/m and 1 um/m/s respectively.
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6.2 Magnetostriction under applied stress

Remarkable increases of magnetostriction under applied stress are well known, not only for
grain-oriented electrical steel sheets, but also for non-oriented electrical steel
[91.[15-17],[22],[23].

sheets

Figure 15 shows increases of magnetostriction by compressive stresses in the rolling direction
for two grades of grain-oriented electrical steel sheets 0,30 mm thick at peak values of the
magnetic polarizations of 1,5 T; 1,7 T and 1,9 T under alternating magnetization of 50 Hz [2].
Stress sensitivity is smaller for the high permeability grade than for the conventional grade of
electrical steel.

The sepsitivity increases when the compressive stress becomes larger than a thresholtd
Previolis work has shown that the threshold stress varies depending on the coating-tens
the temperature of the test specimen [9], [15]- [17].
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FiTure 14c — Magnetic polarization curves

Figure 14d — Zero-to-peak and peak-to-peak vfalues of
magnetostriction versus peak value of ma‘$netic
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6.3 Variation of magnetostriction with coating tension
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Figures 23 and 24 show the effects of coating tension on the magnetostriction characteristics
with the peak values of magnetic polarization for a high permeability grain-oriented electrical
steel sheet 0,30 mm thick [17]. Figure 23 shows the cases without external stress and Figure 24
shows the cases under compressive stress of 3 MPa. Three materials with different coating
tension are compared at the coating tensions of 3 MPa, 10 MPa and 20 MPa.

Without external stress, the differences between materials with coating tensions of 3 MPa and
10 MPa are clear in the zero-to-peak magnetostriction, but not clear in the peak-to-peak
magnetostriction and the A-weighted magnetostriction velocity level below 1,7 T (see Annex C).

However, under an applied stress of 3 MPa, the differences become clear in these
magnefostrictionm characteristics for this Tange of the peak vatue of Tmagnetic potarization.

The differences in these magnetostriction characteristics are not clear between ¢oating
tensiorls of 10 MPa and 20 MPa without external stress. Under applied stress of 3 MPa, the
differemces in the zero-to-peak and peak-to-peak values are clear. However,(the differgnce in
the A-weighted magnetostriction velocity level is clear at lower magnetization but bgcomes
smaller with increase in the peak value of magnetic polarization.

Considering the possibility of stress introduced at core manufacturing, the magnetostriction
characferistics should be measured, not only without extermal stress but also upder a
comprgssive stress of 3 MPa, in order to assess the contribution of magnetostriction| to the
acoust|c noise emission from transformers and other applications of electrical steel.
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Figure 23 — Magnetostriction versus peak value of magnetic polarization for high
permeability 0,30 mm grain-oriented electrical steel sheets with three different coatings;
external stress was not applied’[17]
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Figure 24 — Magnetostriction versus peak value of magnetic polarization for high
permeability 0,30 mm grain-oriented electrical steel sheets with three different coatings;
external compressive stress of 3 MPa was applied in the rolling direction [17]

In the experience of some steel producers, the external uniaxial tension is twice as effective as
the coating tension for iron loss changes in high permeability grain-oriented electrical steel. The
coating tension applies stresses not only in the rolling direction but also in the transverse
direction. Therefore, the expression of coating stress is dependent on the method of
assessment of stress. In this case, the coating tension would be twice the level of coating
tension derived from the translation of the magnetostriction — stress curve between the coated
and de-coated states.
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6.4 Factors affecting precision and reproducibility
6.4.1 General

Various factors affecting the accuracy and reproducibility were examined experimentally using a
test specimen of grain-oriented electrical steel sheet, 500 mm in length, 100 mm in width, 0,23
mm in thickness [4], [5].

6.4.2 Overlap length between test specimen and yoke

If the overlap length between the test specimen and the yoke is decreased, the electromagnetic
force between the test speC|men and the yoke is mcreased because the flux denS|ty in the
overla ICHIUII fs-ereased— |5L,||U 25-showstheeffectoftheovet |ap |c||3u| of ICPIUUUUI |||ty of
magnetostriction measurement. The reproducibility becomes worse when the overlap.Jgngth is
decreaped.

The overlap length should be longer than 25 mm.

6.4.3 The averaging effect on environmental noise

The output of optical sensors may contain an error caused by the environmental nois¢ and it
appears even if there is no applied magnetic field. The error €£€an” be reduced effectiyely by
averagjng the magnetostriction signal for numerous periods of. magnetization. Figure 26/ shows
effects|of the averaging number on reduction of the error caused by the environmental noise for
two typges of optical sensors: a laser Doppler vibrometer,and a heterodyne displacemenf meter
[5]. The error decreases hyperbolically with increases)in the averaging number. Howgver, a
larger averaging number requires a longer measuring‘time: the averaging number should be
selectdd taking into consideration the reduction of<noise and the time for the averaging,
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Figure 25 - Effects of overlap Figure 26 — Effect of averaging number on reduction of
length on the reproducibility the error caused by the environmental noise [5]
of measurement [4]

6.4.4 Gap between test specimen and yoke

Figure 27 shows the effect of the gap between the test specimen and the yoke on the
reproducibility of the peak-to-peak magnetostriction [5]. The gap distance was changed by
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inserting a glass-epoxy plate of 1,2 mm thickness. The test specimen was removed and installed
again at every measurement.

The amount of scatter for a gap distance of 1,2 mm is smaller than without an artificial gap. In
the case of a gap distance of 2,4 mm, which is not in Figure 27, it is larger than the others.
Therefore, a small gap makes the flux distribution in the gap uniform and can reduce effects of
the electromagnetic force between the test specimen and yoke. A wide gap, however, is not
appropriate, because it causes a non-uniform flux distribution in the test specimen.
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specimen was reset at every measurement 1,2 mm [5]
[5]

6.4.5 Resetting the test specimen

The reproducibility is sensitive to the placement of the test specimen in the test frame.

Figure|28a shows the~“effect of removal and installation of the optical targets and the test
specimlen on the reproducibility of the peak-to-peak magnetostriction [5]. Fifteen measurgments
were carried outfor the same test specimen. The test specimen was removed and replaced for
every measurement. The optical targets were reset every five measurements. The gap d|stance
betwegn the_ test specimen and the yoke was 1,2 mm. The amount of scatter is within £[20 %.

The effect of removal and installation of the optical targets can be estimated to be within a few
percent from the comparison of Figure 27b and Figure 28a. However, these experiments were
examined by the system with two optical targets on the test specimen as shown in Figure 10 and
the effect was improved over systems with one optical target on the test specimen.

In order to validate the repeatability of the system, measurements are carried out continuously
without reset of the specimen and optical targets. Five measurements were done at each
magnetic polarization. Figure 28b shows the scatter of the continuous measurement. The
amount of scatter is within £ 5 %.
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7 Methods of evaluation of the magnetostriction behaviour

71 Relationship between magnetostriction and magnetic domain structure

Magnetostriction is one of the magnetic properties that accompany ferromagnetism. In order to
estimate, and improve, magnetostriction behaviour, considerations of the magnetizing
processes in magnetic materials are essential.

It is well known from early studies that motions of 180° domain walls do not contribute to the
magnetostriction, while changes in 90° domain volumes and rotations of the self-magnetization
do have a significant influence on the magnetostriction [15].

Electri¢al steel sheets are usually comprised of many magnetic domains with differing directions
of self-magnetization and each magnetic domain is elongated in the _directjon of
self-magnetization. When an external magnetic field is applied, increases in volume-of magnetic
domairls, where the self-magnetization is along the applied field, occur at first;.and rotations of
the seIL—magnetization to align with the applied field occur at higher magngtic field strengths.
Consequently, the magnetic polarization increases and magnetostriction(strain is generpted.

Figure [29 shows a magnetic domain pattern on a grain-oriented_electrical steel sheef. Wide
black gnd white stripes are 180° domains and the self-magnetization is in opposite dirgctions
beyond the domain wall. Narrow triangles in 180° domains, namely lancet domains, afre also
180° dpmains but accompany 90° domains under them. Directions of the self-magnetization in
90° domains are perpendicular to those in 180° domains‘and trend to the surface. Chapges in
volumg of 90° domains are significant causes of magnetostriction as shown in Figure 30.

[ demagnetized } magnetized to
saturation

No magnetostrictionoccpr
‘ - (180° domain wall movemen
__________ <=_{

i’i i ® \ Applied field |==

perfectly oriented grain
(100)<001>

contraction
P

Magnetostriction occur
(disappearance of 90° domains
and rotation of the self-magnefjzation) )

e
( By Kerr effecty) 0.5 mm Bl
misoriented grain

Figure 29 — Magnetic domain patterns on Figure 30 — Schematic diagrams for
a grain-oriented electrical steel sheet [2] explanation of magnetic domains and
magnetostriction [2],[17]

These 90° domains naturalize magneto-static energy on the surfaces caused by inclines of the
self-magnetization to the surfaces. The 180° domain walls also have the function and therefore
there are little lancet domains beside 180° domain walls as shown in Figure 28. Therefore
increases of width of 180° domain cause increases of volume fraction of 90° domains and
decrease of the magnetostriction.

At higher magnetic polarization, after annihilation of main 180° walls, the magnetic polarization
increases by suppressions and collapses of 90° domains and causes an increase in
magnetostriction.
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At higher magnetic field strengths, rotations of the self-magnetization to the applied field arise
and cause an increase in magnetostriction.

7.2 A simple model of magnetostriction behaviour

A simple model, describing the polarization dependence of the peak-to-peak and zero-to-peak
magnetostriction of grain-oriented electrical steels based on the domain structure behaviour has
been proposed [27]. The hysteresis behaviour of the butterfly loop is not considered in this
model.

Three main features of the domain structure have been considered in relation to the
zero-to-peak magnetization with the increase of polarization:

Part I: | at lower polarizations, a slight exponential decrease of the magnetostriction'|occurs
according to the increase of volume fraction of 90° domains owing to the-movement of
180° domain width;

Part 1l:] at higher polarizations, a Dirac-type functional increase of the magfetostriction|occurs
according to the suppression and collapse of 90° domains owing-to’the annihilation of
main 180° domain walls;

Part Ill} at higher magnetic field strengths, a sharp increase of the*magnetostriction |occurs
owing to the rotation of the self-magnetization to the applied field.

These relationships were formulated for the polarization dependence of the peak-to-peak and
zero-tg-peak magnetostriction [27]:

T (U =D el 0m IA S e"m ) } (11)
—pm Im=Jc) A 4
Jo o) =D| 4@Nm1o) (Jif]m)‘/‘f]) } (12)
L e +1
where
Ao—p(Jp) is the zero-to-peak magnetostriction at a peak value of magnetic polarizatiop J, ;
Zp—p(Jn) is the peak-tospeak magnetostriction at a peak value of magnetic polarizatiqn J, ;
D is a dimensionless coefficient;
a is a'parameter to regulate the exponential increment, in per tesla;
Aa issan increase in the value ofa between Part | to Part Ill, in per tesla;
Jm is the peak value of magnetic polarization, in tesla;
J, is a value near to saturation polarization, in tesla;
Je is the middle value of Dirac-type distribution function, in tesla;
AJ is the half-width of Dirac-type distribution function, in tesla.

The actual values of these parameters are determined by a least squares fitting of the measured
data as shown in Figure 31. Figure 32 shows a typical comparison between the measured values
and the fitted values obtained by equations (11), (12).

The behaviour of 90° domains in Parts Il and | are a function of the magnetic polarization and are
affected by coating tension and strain. However, the rotation of the self-magnetization to the
applied field in Part Ill is a function of magnetic field strength and depends on texture.
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Annex A
(informative)

Requirements concerning the prevention
of out-of-plane deformations

010(E)

The largest obstacle to the measurement of magnetostriction is the occurrence of out-of-plane
deformations of the test specimen during the measurement. In an alternating magnetic field, it
becomes out-of-plane vibrations. If the test specimen is kept plane with or without an applied

field, there is no out-of-plane deformation. The causes of the out-of-plane deformat

considg¢red as followed:

- wa
— une
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deformfation must be less than 30 um.

The means to prevent the out-of-plane deformation are as follows:
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r to estimate the influence of the out-of-plane deformation, a‘bending of sheef
of 500 mm is considered as shown in Figure A.1. Figure.A.2 shows the relat
n the change of distance between both ends of the sheet/ Al/i, and the distd

r to satisfy a resolution for magnetostriction of 1 x(10°, the magnitude of the out-g

a flat test specimen without any transformation;

p a coplanar surface under the test.specimen: the pole faces, inner bottom of the \
h, the under plate of clamp and the filling plates between the winding form and polg

Ce a thin glass or a light load-on the test specimen.

the out-of-plane deformation occurs, a phase shift between signals of the m
ations of the butterfly loop during the measurement are necessary [8].

sonance frequencies of grain-oriented electrical steel sheets are reported:

0 Hz fof 387 mm long by 100 mm wide by 0,14 mm and 0,35 mm thick [3];
0 Hz for 300 mm long by 30 mm wide by 0,27 mm thick [8].

on are

with a
onship
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htion and the magnetostriction occurs and then the butterfly loop is transformed.
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electrical steel sheet should be below 1 kHz.
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