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ABSTRACT

The present work describes the experimental investigation of the magnetic properties of
Fe100.xAly, (where x=2.3, 10, 12 & 14), Tb 57Dy 73Fes and also of Nj as a standard
materials. . Magnetostriction as a ﬁunctxon of . the magnetic field and saturation
magnetostriction Ay for d:fferent composition of iron aluminium, iron terbium dysprosium
alloy and of nickel as a standard materials are measured. These measurement are

confined at room temperdture and under at varying field from 0 to 4.5 K Gauss.

The saturation ﬁel& for magnetostriction in nickel is observed to be 1550 oersted. The ~
value of magnetic field-needed for the saturation magetostriction in Ni determines the
operating field for using Nxcke! as a magnetostrictive transducer. Fe-Al and
Tb 27Dy 73Fe7 alloys are hlghly magnetostrictive materials. The ma@eto&iction value
for Fe-Al alloys increases with increasing amount of aluminium and become maximum at
12 atomic percent of Al as due fo increased spin-orbit interaction. The decrease of
magnetostriction above 12 atomic percent of Al is explained as due to decreasmo value

of magnetic moment.

The field dependance of magnetization for Fe-Al alloys of different composition are
measured and the saturation magnetization of alloys decreases with the increasing
concentration of Al and the field needed to saturate the magnetization also increases w1th

the increase of Aluminium and the relation is found to be linear.
The first anisotropy constant K for the iron aluminium alloys system as derived from

field versus magnetization curves is similar to the old data derived from magnetization -

curves.
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‘curves.In general, the addition of aluminium to iron changes the magnetization values.
Previous work has shown that up to approximately 20 atornic percent aluminium the -

magnetic saturation moment of iron alurminium alloy decreases with increasing aluminium-

content at a rate comparable with what would be expected from simple dilution. Above

this concentration the moment falls' sharply with increasing aluminium content. The:

present work is motivated by a desire to investigate more fully the effect of order on the

saturation magnetization and to find out the magnetization of alloys with aluminium
content greater than that reported before who obtained the critical concentration for these

specimen by extrapolation. -
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Chapter-1

Introduction:

The aim of the present research is. to investigate highlv magnetostrictive Iron based
Fejo0.xile Th 7Dy 73Fe5 alloys and also of Nickel as a standard material.
Magnetostriction, which can be defined as lattice distortion of a magnetic crystal due to
its magnetization is an important phenomena both for its theoretical interest and for
technological applications. Modern civilization is largely dependent on electric power
for its fnobility, communication and various control devices. These in turn, depend on
_the phenomenon of ferromagnetism, which is found chiefly in iron, nickel,cobalt and

the rare earth elements.

Theoretical mterest involves the evaluation of magnetostriction which arises due to
magneto-elastic ’imeraction and Vcontribute to the understanding of magnetization
processes. Although magnetostriction of various magnetic materials have been studied
with great theoretical and technological interest, the compiexities of the problem and
the trend in the development of new magnetic materials have kept this research field
very dynamic and alive. As a result, various new problems are coming up which are

related to the understanding and application of new magnetic matenals.

The highly magnetostrictive materials are of special interest. Moreover,
magnetostriction is one of the most important factors in determining the coercivity and
hysteresis loop of ferromagnetic materials. In some anisotropic magnetic materials
coercive force is thought to be dependent on magne;(ostriction, because in these cases

the internal stresses determine the nucleation mechanism of domain formation.



Although many magnetic materials have been extensively studied for their saturation
magnetostriction, little attention has been paid to their magnetostrictive behaviour
below saturation. The reason for which magnetostriction measurement below
saturation did not draw the attention of researchers is that, below saturation the
domain distributions of magnetic specimens can not be uniquely determined. The
results therefore, are not always reproducible. However for practical purposes
'magrletpstriction measurement below saturation are important, because magnetic
materials quite often are operated below saturation point. Moreover, since
magnetostriction is related to domain rotation only and 180 degree domain wall
movements do ‘not contribute to magnetostriction, results in this region provide
information about the nature of the domam and domain wall movements. In an
ordinary frromagnetic materials the domains are arranged in a complicated thrée
dimensinal pattern, an equilibrium state determined by the action and interaction of
many different forces. It is confusing to study the nature and mode of action of these
forces in the complicated cases and we shall therefore, as far as possible, try to deal
with s'imﬁle case where as few variables as possible have to be considered. Such cases
can only be chosen if we have some knowledge of types of forces that have to be taken
into account and we shall therefore give a brief general survey of the factors
determining domain arraﬁgements, before considering the separate forces in more
detail. It is convenient to discuss the equilibrium conditions in terms of the forces
acting on the system and to find the equilibrium state by finding the conditions to
make the enegy a minimum. The atomic magnetic moments in a ferromagnetic
substance interact strongly with one another and tend to align themselves parallel to -
each other. The interaction is such as to correspond to an applied field of the order of
magnitude 109 A/m and it results in a nearly perfect alignment of the spins inspite of
the thermal agitation at room temperature. The presence of a strong internal magnetic

field was first described by P. weiss and termed it as 2 molecular field and developed a
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theory of the temperature dependence of the saturation magnetization. Therefore, the
application of magnetic field over Fe-Al alloy tends to align the atomic- moments

towards parallelism and thus produce an overall magnetization which has been

described in detail in chapter- 2.

There are various method for the measurement of magnetization. In our experiment we
have used V.8. M., an advanced type of apparatus developed by S.Fonér; for measuring
the magnetization of Fe-Al alloys with composition Fe 100-x41x (where x=2,8,10,12 and
14) at room témperalure of 300° K.Detail description and theoretical interpretation of

VSM is given in chapter -3,

The idea of magnetostriction and its effect is important for the generation and creation of
many devices and systems. In reality there are many magnetic materials and alloys for
which no theoretical understanding is possible based on-fundamental theory. In these
situation we have to depend on phenomenological theory based on experimental results.
The complexity of magnetostrictive phenomeha below saturation prevents us from
making accurate prediction based on first principle. In our case we have tried to.simplify
the phenoménological theory which is partly based on experimenta) facts and partly on

some general features of the basic theory of magneto-elastic interaction.

The magnetostriction measurement is done using the strain gauge technique. The strain
gauge technique is based on the principle of change of resistance produced by the strain
in the gauge as transmitted by the materials on which gauge is bonded. A convenient
method of determining change in length is to measure the change in resistance of a wire
of the strain gauge that is firmly cemented to the test specimen and expands and contracts
with it. This change is measure by measuring the change of resistance using the

Wheatstone bridge in out of balance condition which produced a sharp deflection in the
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nanovolt meter. There is a linear relationship between the deflection of the nanovolt
meter and fractional change in resistance. This method was first developed by
Goldman!-1 and since then, has bec'ome incréasingly popular for its simplicity,
compactness and precision. Asgarl-2 introduced this technique for the measurement of
magnetostriction and magneto elastic constants of magnetic materials. Sikder!-3 using

 this method has also measured magnetostriction of Axﬁorphous materials.

Magnetostriction is usually analyzed in terms of a general formalism which is empirical =

or semi-empirical and is controiled by symmetry considerations of the crystal. Callen and
Callen!-4 showed magneto elastic energy E me Which arises from the strain dependence
of the anisotropy energy and for small strains takes the form £, ~c {¢). Bozorth and
Walker!5 showed an important characteristics of saturation magnetostriction along
(111) direction which becomes zero at the composition for which the permeability is
maximum. Beninger and Pavlo_vic1 6 defined magnetostriction in terms of five constants,
but there was some discrepancy with the results obtained by Leel-7- Latter Asgal.'l-8
imtroduced a technique of analysis for the evaluation of five Mmagnetostriction constants
avoiding the error that arises due 1o the non alignment of the direction of magnetization
and the direction of the applied magnetic field. The ﬁrﬁte values of anisotropy constants

which are responsible for these error was thus removed by the above mentioned work.

The' present work is aimed at experimental determination and analysis of
magnetostriction and magﬂeﬁzation of  Iron-Aluminium alloy system. The
magnetostriction of Iron-Terbium-Dysprosium sample and of Nickle sample have been

measured and result is given in chapter 4.17.

Both the magnetization and magnetostriction of Iron-Aluminium for different

compositions are measured as a funtion of magnetic field. The percemtage of Aluminium
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in iron are 2,810, 12 and 14 percent respectively. These alloys were provided by
Professor Asgar who prepared them in Southampton, England. Magﬁetization as a
function of field for different compositions of Iron-Aluminium alloys have been
measured using vibrating sample magnetometer. This has been explained in the light of
existing theories of 3d transition metals and alloys. Kitt_ell- 12 successfully co-related the
conventional magneto-clastic constants and the symmetry constants. Clark ‘and
Belsonl-13 made it clear that reliable values of the saturation magnetization can not be
obtained on polly-crystalline samples even if the field s;trength applied are in excess of
100 killo oersted. The same results were obtained by Abbundi, Clark and Koon!-14. The
magnetostriction of highly magnetostrictive rareearth compound of composition
Tbg, 27Dy 73Fe sample is measured at room temperature. Terfenol-D of composition
Tbg 27Dy 73Fe> allésf 1s obtained from 4B S‘l.nveeden in the form of 6 mm diameter rod
which was directionaly solidified. The sample was cut, grinded and polished into a disk
of diameter 4.855 +.005 mm with a mass 0.552 gm. Magnetostriction of pure Nickle
sample is also measured as a standard substance for calibration and comparison of the

results of Iron-Aluminium alloy system and Iron-Terbium-Dysprosium alioy.

Magpetostriction is a mechanism that can be used to convert electro-magnetic energy to
mechanical energy by designing and de\}elbping electro-mechanical transducer. This
transducer can be used for producing high energy mechanicél viBration of the sonic
waves that can be used in under water signalling and for identificatin of objects. Since
the amount of sound energy produced by this method is enormous due to the high value
of elastic constants and maglletostriction of Hon base alloys under going deformation.

e

This method of producing sound energy can have application in under water fishing and

under ground signalling for minig. The study of the magneto-mechanical coupling
factors of highly magnetostrictive alloys also provide information related to the design
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and development of magnehstn'ctive oscillators, ﬁltérs, magnetic tape head,. magnetic
amplifier, delay lines in electronic and accoustic memory circuit device, transformer core
materials and in eliminating transformer noises caused by magnetostrictive vibration of
the core and minimization of the core loss. The present work for the development of Iron
base alloys and their application are expected to be useful in meeting the ever increasing

demand of the present time.



Chapter-2

MAGNETIZATION AND MAGNETOSTRICTION 1IN FERRO-
MAGNETIC ALLOYS

2.1 Magnetization
2.1.1 Introduction to Magnetization

Magnetic property of a solid originates from the electronic structure of its atoms and
their orientations.Partially filled atomic shells give rise to uncompensated spins which
are responsible for spin magnetic moments. Orbital angular momentum also contribute -
to magnetic moment of the ﬁom. The magnetism that arise. due to the outer most
electrons, called Pauli para magnetism and is temperature independent. Magnetism of
interest arises due to unfilled inner shells of the atom.Examples are the 34 électrons
in transition metals and 4f electrons in rareearth metals. In para-magnetic materials,
the magnetic moment associated with each atom or molecule, arising from the orbital
motion of spin of the electrons, is treated as non interacting. The applicatioﬁ of a
magneﬁc field tends to align the atomic moments towards parallelism with the field so
as to produce an overall magnetization in the specimen. At a finite teniperaﬂ:re the
effect of thermal agitation is towards reducing the alignment. Theoritiéally perfect
- alignment is achievable only at absolute zero temperature, when the thermal energy is
‘zero or when the external magnetic field is inﬁnitely‘large. This para-magnetic
substances exhibit a positive susceptibility and the permeability is greater than

1. When there exists a.n interaction between the magnetic atoms in a solid occur some

degree of alignment of magnetic moments even in the abscence of any extemal
magnetic field. This type of materials are called ordered magnetic materials. Ferro-
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magnetism, Ferni-magnetism and anti Ferri-magnetism belong to this class of magnetic
materials. For ordered magnetic materials, the ordered amrangement of the magnetic
cores of the elementary magnets is achieved with little external field. Therefore, it is
evident that a very high internal field spontaneously comes in to play. In the case of
ferro-magnetic substances the atomic moments are ordered on the crystal lattice with
all the moments aligned parallel to each other at absolute zero of temperature. The
effect of increasing temperature is to reduce the ordering untill at the cure
temperature T, where the order is completely' destrbyed and the system is para-
magnetic. When the system is ordered and the magnetic moments are anti parallel to
each other the net moment is zero and the substance is called. anti ferro-magnetic.
Ferri-magnetism is a modification of this mechanism which results when the anti
parallel moments in the sub lattices are unequal, so that there is a net overall

magnetization.
2.1.2. Magnetization of Iron Aluminium Alley System:

The modern theory of magnetization proccesses have been summnarized in several
books, Bozorth2-1, Bates2-2, Kneller2-3, Chikazumi2-3 and Morish2-5 attempt to
improve its rigor by replacing "domain theory” by "micro-magnetics”. This has been
also summarized by Shtrikman2-6, Treves and Brown2-/. In this form of the theory,
still in its infancy, the body has usually been assumed rigid in order to simplify the
problem. A general outline of the processes of magnetization for Fejgg.,4L, alloy
systern can be built up as follows. The magnetocrystalline and magnetostrictive
forces togéther will define two or more easy directions-directions of lowest energy of
magnetization at every point in _mateﬁals. In a strain free single crystal these
directions may Be the same throughout a large volume, while in our material Fejpg
xA4L; (where x = 2,8 10,12 and 14) are polycrystalline and have imregular intemmal
8



stresses. They may vary rapidly from place to place. The simplest cases are those in

which either the magnetocnyistﬂlline or the magr:etosﬁictive effect is of overwhelming

importance and the others can be neglected in finding thé easy directions of

magnetization. In the absence of an external field, the domains will be arranged so that

every domain is magnetized in one of the local easy directions, with the ‘additional-
requirement that the general and local demagnetizing field shall be as small as

possible. The magnetization can increase only through actual rotation of the domain

magnetization away from easy directions and closer to the field direction. This

process of rotation against the action of forces of anisotropy usually reqﬁires much

larger ﬁe.lds' than those needed for the traﬁslationai movement of domain walls.

Magnetoa‘ystallim anisotropy plays an important part in the behaviour of nearly all

ferromagnetic materials. Weiss showed that magnetic properties could depend

strongly on crystal orientation. Akulov2-8 extended the idea of a direction dependent

energy of magnetization to give a formal theory. He suggested that the eﬁ'éct of

magnetocrystalline forces could be represented by a magnetocrystalline energy term

in the expression for the free eﬁergy of the crystal. This magnetocrystalline energy

would of course, depend on the direction of the domain magnetization relative to the

crystal latuce and Akulov2-9 expressed it by a series of ascending pdwer of -
@, 2, a3, the direction cosines of the magnetization relative to the principle axes of

the crystal. The symmetry conditions cause many terms in the series to drop out since

the final energy expression must be independent of a change in sign of any of the a 's

or interchange of any two of them. However, in our investigation, we have used a
simplified expression for the distortion accompanying a given state of magnetization.

The co-efficient appearing in this treatment for polycrystalline alloys has less

fundamental significance than those of Becker's fuller treatment.



2.1.3.Intrinsic Magnetization of Alloys

Almost ali magnetic alloys contain at léast one of the three ferro-magnetic metals
Tron, Cobalt or Nickel which exhibit ferro-magnetism at room temperature. By alloying
these metals with other elements, we can prepare magnetic substance which have
various magnetic properties. The properties of magnetic materials depend on
chemical composition, fabrication and heat treatment. These properties are mainly
determined by the magnetic anisotropy,magnetostriction and secondary structure of
the substances.The intrinsic magnetization of an alloy is determined by its electronic
structure.

On the basis of an elementary knowledge of atomic structure two possible origins are
proposed for the étomic magnetic moment. One of these is the orbital motion of the
electron around the nucleus and the other is a spin motion of the electron about its
own axis. Ferro-magnetism has its origin in the spin and orbital magnetic moments in
an unfilled electron shell Each of the three ferro-magnetic element Fe,Co,Ni has an
unfilled 34 shell. Variation of atomic magnetic moment in these materials with the
number of electrons in the (3d+4s) shell is shown in figure-2.1. This curve is usually
reffered to as the Slaterz-lQ-P'eu.llingz-11 curve. The average atomic magnetic
moments of various alloys depend only on the number of electrons per atom. This is
- reasonable when the alloying atoms are only one or two atomic numbers aparts as in

the series Ni-Cu and Fe-Ni allby.
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Fig. 2.1 : Slater-Pauling Curve

Most of the alfoys are represented by points falling on a curve consisting of the two
straight lines. One of these line rises from 0 Bohr magnetons at Cr at the rate of about
Tup per.electron, while the other falls from 2.5ug at about 30 at% Co-Fe at the rate
of about -Zug per electron.We have seen that ferro-magnegnetism,in 34 transision
metals appear for average electron concentration ranging from 24 to 28.6. Since the
argon shell (151 252 2p% 352 359 ) is filled by 18 electrons,the mumber of 34 and 4s
electrons in these ferro-magnetic alloys ranges from 6 to 10.6. If we assumed that the
number of conduction electron is about 1.0 at Cr and 0.6 at Nj, the. number of 34

electrons is then 5 to 10 in the range where ferro-magnetism is realized.
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For a particular pair of atoms, situated at a certain distance apart, as in the case of a
hydrogen molecule, there are certain eleétrostat.ic attractive forces between the
electrons and protons and repulsive forces between the two electrons and between the
two protons. These can be calculated by Coulomb's law. But there is still another
force, entirely non-classical, which depends on the relative orientation of the spins of
the two electrons. This is the exchange force. If the spins are anti-parallel,the sum of
all the forces is attractive and a stable molecule is formed. The total energy of the
atoms is then less for a particular distance of‘ separation than it is for smaller or larger
distances.If the spins are parallel, the two atoms repel one ané)ther. The exchange
force is a consequence of the Pauli's exclusion principle applied to the two atoms as a
whole. This principle state that two electrons can have the same energy only if they
have opposite spins. If their spins are parallel, the two electrons will tend to stay far
apart. The ordinary (Coulomb) electrostatic energy is therefore modified by the spin
orientations. This means that the exchange force is fundamentally electrostatic in
_ origin. The term exchange arises in the following way. When the two atoms are
adjacent,we can consider electron-1 moving about proton-1 and electron-2 moving
about proton-2. But the electrons are indistingnishable, and we must also consider the
possibility that the two electrons exchange places. So that electron-1 moves about
proton-2 and electron-2 moves about proton-1. This consideration introduces an .
additional termn, the exchﬁnge energy, into the expression for the total energy of the
two atoms. This interchange of electrons takes place at a very high frequency about

1038 time per sec in the hydrogen molecule.

In order to explain the appearence of ferro-magnetism it is essential to identify the
physical origin of the molecular field proposed by Weiss2-12 which give rise to the
parallel alignment of spins. The accepted interpretation of the nature of the molecular

12



field as presented by Heisenberg2-13 in 1928 is quantum mechanical in origin. The
potential energy between two atoms having spins s; and sj is given by
w;==2J 538 ' , 21

~where jis the exchange integral. If J is positive the energy is least when s; is parallel
to s; When s; is parallel to s;, the exchange integral j is positive and the energy will be
minimum and when s; is a_mti parallel to 55 the exchange integral ; is negative.

The spm configuration can be explained on the basis of localized model and itinerant
or collective electron model. According to localized model, the electrons responsible
for ferro-magnetism are regarded as localized at the respective atomic sites. Most -
ferro-magnetic oxide ,compound and rareearth metals can be explained in terms of
localized model. For itinerant or collective electron model,electrons -responsible for

ferro-mgnetism are thought of as wandering through the crystal lattice

According to the localized moment theory, the electrons responsible for ferro-
magnetism are attached to the atoms and cﬁn not move about in the crystal. These
electrons contribute a certain magnetic moments to each atom and that moment is
localized at each atom. This view is implicit in the molecular field theory, either in
the original form given by Weiss or in the quantum mechanical form obtained by
substituting the Brillouin function for the Langevin. This theory in general explain the
variation of the saturation magnetization o, with temperature and the Curie-Weiss
law, at least approximately above T, | |

But it can not explain the fact that the observed moment per atom M are non integral
for metals. Since the moment is entirely due to spin,the magnetic moment per atom
due to localized electrons, should be an integer. Other defects of the theory are that M

and the molecular field constant are different above and below the Curie temperature.
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The collective electron theory emphasize the fact that the electrons responsible for
ferro-magnetism are consider to belong to the crystal as a whole. Here the electron
can move from one atom to ﬁnother rather than being localized at the position of
atoms. This theory accounts quite naturally for the non integral values of the moment
per atom. It also explains fairly well the relative mﬁgnitudes of M in iron, cobalt and
nickel and the value of the average magnetic moment per atom in certain alloys.
These are important accomplishment of the theory. However, the band theory,at least

- in its simple form,can not account for these alloys which depart from the Slater-

Pauling curve.

The general conclusion is that ‘the molecular field theory, with its attendant
assumption of localized moments, is not simply valid for metals. Instead the band
theory is regarded basically correct, and the problem then becomes understanding the
precise form of the various bandshow they are occupied by electrons and how the

exchange forces operate etc.

A

s e ————
T T

EeoemEee

T s

Fig. 2.2 : State-density curve of 3d band of Nickel and the arrangement of
~ spins in the band
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The band theory of ferro-magnetism was first proposed by Stoner2-14 and later by
Slater2-13. On the basis of the knowledge of the density of states in the 3d shell of
copper as calculated by Krutter2-16. Slater assumed that the density. of states in
nickel may be also very high at the top of the 34 band as it is for copper. Figure-2.2
shows the density of state in the Jd shell of nickel as a function of energy as
calculated recently by Koster2-17 Figure-2.2 shows schematically the corresponding

energy level, each of which can be occupied by two electrons, one of plus spin and

one of minus spin (Pauli principle) is also shown in Figure-2.2. In order to have a net

‘magnetic moment, therefore, it is necessary that some minus spin electron be excited

to higher energy levels and reverse the sign of their spins from minus to plus. Such an
excitation should not require too much energy in the case of 34 shell because of the

high demsity state.

If therefore, a positive exchange interaction is acting between 3d electrons the number
of plus spins should increase untill they fill up half of the 34 shell, having vacant
levels in the other half. Then the net magnetic moment will be proportional to the

- mumber of vacant levels in the 3d shell. In that case, if we add one electron to the

atom, this addition should result in a decrease of 1 Bohr magneton per electron
because the electrons into a vacant minus spin level. In this way we can understand
the -45 mclination of the right.half of the Slater-Pauling curve. The +45° slope of the
left half of the Slater-Pauiing curve has been less adroitly treated by the band theory.
One possible explanation is that, if the high density or states portion at the top of the
3d band is able to contain 2.5 electrons, the plus spin band remains full untill the
mirus spin band loses 2.5 electrons. Further loss of electrons would deplete the plus
spin band because otherwise the Fermi surface of the minus spin band might drop to
too low level. The loss of plus spin electrons then results in a decrease of atomic

magnetic moment.
15



Zener218 tried to explain this point in terms of anti fen"o-magnetic alignment of two
kinds of atomic moments, +5up and ~-Iupg for iron, on the two substances of the
body-centered cubic lattice.

2.1.4.Theory of Magnetization

The interaction between the spins in a magnetic field H,, is proportlonat to the net
magnetization.

H,=N,{ 22
It is to be emphasized that the interaction between the spins can not be due to a
magnetic field. The magnetostatic field aﬁsing from the magnetic dipole aéti_on is not
sufficient to bring about any alignment. In fact, it require a field of the order of 107
oersted for Iron. The model of the Weiss molecular field is purely phenomenological

but is of great assistance in the development of the necessary theory.

The Weiss theory is a development of the Langevin model. The interacting field A,
is taken as proportlonal to the intensity of magnetization I. So that in place of the
energy term in ﬂH in the equation we have '

W= l(H+N) 23

Where Hopris the effective field acting on the atomic moment and Ny is the Weiss

co-efficient. At high temperature the expression for the susceptibility becomes

—o__C
X=g=15 2.4
where
2 2 :
C=g-, and 6,=20% = Nupc 2.5
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and o, =nu is the saturation magnetizatlon per gm. below the curie temperature 8.,

the system is ferro-magnetic with the magnetlzatmn glven by the Brillouin function
Blo) i,e / = B(a) with a in zero applied field is given by

a=usE= mpZ; | o 2.6

The denvation of the saturation r_nﬁgnetization at a temperature 7T requires the
simultaneous solution of equation (2.4) and (2.5).The eva.luaiien of the sMion
magnetiz:aﬁon from the rﬁeasurement of magnetic moment of a specimen requires
extrapolation as o varies with the field. Results for a given temperature T are usually
expressed as o,; extrapolated to H= ¢ or .%ar extrapoiated to H= a;the former is
more usual but the choice depends on the results. The value of o at 0°K is written o
00 °F 9gq, The saturation magnetization may also be expressed in Bohr magnetons ug
per atom. This should be written ngg or n,7 but np is il common usage for both. The
saturation magnetization per gm atom o, = 5586np, the atomic moment npg may also
be derived from the results of neutron diffraction. The values of ng at 0°K
corresponds to the-atomic moment jgup given by the modified weiss ‘&eatment The
magnetic moment derived from the saturation magnetization is np =jgu B compared

with the effective moment
P=gug Ji(j+1) : 2.7

can be derived from susceptibility measurements.
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2.1.5.Magnetization of Polycrystalline specimen

For a specimen with its  grains oriented quite at random, GansZ-19 obtained
expressions for the magnetization in the form of a serries of powers of H, giving the
curve shown in Figure-2.3.

IRy

o8

7

oh

[1¢]

v o 3
Fig. 2.3 : Magnetization of polycrystalline ferromagnetics materials as a function
~ of reduced field .
It is clear that Gans treatment is inaélequate, except possibly in very high fields, for it
assumes that each crystal grain is subject only to the external fieid and ignores the
effects of the demagnetizing fields that will be set up by the discontinuties m
magnetization at the boundaries between grains. It is nearer the truth to assume that
the magnetization in each grain is very nearly the same and equal to the mean
magnetization of the specimen. Any deviation from this mean value will produce
divergences in the magnetization vector and gi\-fe rise to demagtleﬁzing fields that tend
to festore the uniformity of magnetization. It is difficult té say with what precision this
uniformity of magnetization will be maintained. Since the size of demagnetizing field
produced by any given deviatioﬁ of the magnetizatioﬁ will depend on the effective
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demagnetizing coefficient for the particular crystal grain, a quantity determined by the
shape of the grain and the properties of the surrounding grains.

> 2.1.6. The Approach to Saturation Magnetization

The general form of the law of approach to saturation was indicated by Weiss2-20 If
the effect of a magnetic field is to tumn the magnetization vectors towards itself, the
turning being resisted by intemal forces, then the law of approach to saturation, when
the vectors of field and magnetization are nearly paraliel, must be of the form
I=TI(1-b/H2) 2.8
This follows from the equation for the equilibrium direction of magnetization.
Hlg 5inf = C 2.9

Where 6 is the angle between the field H and the magnetization vector L and C is the

couple due to internal forces resisting rotation of the magnetizaﬁon- For sufficiently
small angle, C can be assumed independent of 6 and the magnetization in the field
2

direction. I; cos® can be written 7 (1~ %—) giving the law of approach to saturation,

I=11-C*/(UIH))=1,(1-b/H?) : 2.10

Akulov22l was the first to calculate the values of b assuming that
magnetocrystalline forces were the only important ones and his method was followed
by Gans and Becker and Doring2-22. They derived values of the coefficient b for a
single crystal with any given orientation. By averaging overall possible orientation,
obtained a mean value which should apply to polycrystalline specimens with their

grams oriented (at random. Experimental results have usually been expressed in the

fomm
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I=Ig(I~a/H~b/H '~ . )+ yH | 2.11
The last term representing an increase in magnetization due to increase in the intrinsic
magnetization of the material. The value of g can be calculated on the basis of of the
simple Weiss-Heisenberg theory. Observed values are several times larger than this
calculated value but Holstein and Primakoff2-23, They have shown that the
‘ discrepancy can be removed by more detaal quantum mechanical considerations. The

most complete experiment near saturation are those of Weiss and forrer2-24 and

Czerlinski2-25 for iron and Polley2-26 for nickel.

An explanation élf the a/H term was given by Brown2-27 in term of several local
stresses in the material but this explanation has been criticized by Neel2-28 who
reinforces Weiss's demonstration that the law of approach must be of the form I=I1-
b/H2) in sufficiently high fields by pointing out that a law I=Is(7-a/H) would lead to
an infinite energy at sammﬁon. Neel attribute the discrepancies between experiment
and the Akulov theory where ﬁe negléct of interaction between grains of the
polycrysia.l,the demagnetizing etfects. He shows that it is only when H>> 4z 71 ¢ Le in
fields greater than any so far used, that these interactic_ms becomes negligible and the
simple Akulov theory can be applied. In fields lower than this, but stiil so high that ali
magnetization lie very close to the field ‘direction, exact expressions taking account of
the interactions between the grains have been obtained by Neel and Holstein and
primakoff2-29 using Fourier series method of representmg the structure of a
polycrystal. They show that in the two extreame cases H <<4n [ and H>>4n [, the
law of approach to saturation takes the form I'= fs(7-b/H<), the constant b having the
valtie which tends to be just half of this in the low field region. In the intermediate
region the law is complicated but can in practice, be reduced approximately to the
form _
=1, (1-a/H) 2.12
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2.2. Magnetostriction
2.2.1. Introduction to Magnetostriction

Akulovzjo_ introduced the concept of magnetostriction for the first time and
developed a simple expression to describe the magnetostriction of a cubic crystal.
Becker and Doring2-31 developed the original analysis about the magneto-elastic
interaction. Mahajani2-32 | Hirone2-33  and Fallot2-34 flourished the subject by their
outstanding contributions. Modern concept has been given by stqner2-35, Nee12-36,

* Vanvleck?-37, Brown2-38 Kittel2-39 and many others. A comprehensive review of

magnetostriction is given by Lee240 Cam2.41 Karamuri242 Birss2-43  and
Asgar2-44. - | |

Magnetostriction is the.name given to the changes of size and shape which accompany
the magpetization of a ferro-magnetic specimen. Such changes were first noticed by
Joule2-45 in 1842 and have since been studied by many workers. Eventually Becker
(1930) and Akulov (1931) became successful in providing the outline of the formal
theory of magnetostriction and showed how it could be used to elucidate the more

. important experimental results. Becker and Doring (1939) used a formal expression

which is written down for the dependence of the free energy of a crystal on the
direction of magnetizhtion on the mechanical distortion. This is analogous to, but
more general than Akulov's expression for magneto-crjstalline energy, since it refers
to a distorted crystal Kittel (1949) tried to find out the nature of free energy and
magneto-crystalline energy of Ni and Fe metal. He calculated magnetostriction of
these metals but the results were smaller by one order of magnitude than the observed

‘values. This encouraged Masumoto and Otomo246 (1950) to investigate
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magnetestriction of Iron-Aluminium alloys system. They made a compromise of large
value of_magnetostrictibn coMts with' small value of anisotropy constant.
The equilibium state of magnetization and distortion in given conditions of field and
stress can be found by minimizing the free energy. Various simplifying assumptions
have to be made to obtain manageﬁble formulae. Brown clariﬁed-the concept of
electric or magnetic force in a polarized material. It therefore, did not treat -
magnetostriction specifically. Brown applied the theory to one special problem in
magnetostriction in 1953. The problem was investigated further in 1960 by
Gersdorf2-47 In all these papers the concept of strain, when it occured, was handled
by use of the small -displacement approximation usual in physical theory. Lee2-48
+ tried to corelate these various assumtion by measuring magnetostriction and magneto-
mechanical effect of poly-crys{a.lline Ni at different temperature. He also measured
 the thermal expansion of Ni.In the treatment of magnetostriction, despite the smallness
of the strains actually encountered | experimentally,the small displacement
approximation leads to certain difficulties. A formal treatment of the analogous
electric problem, based on the rigorous equations of finite strain theory, was -
published by Toupin249 in 1956, ~ Toupin's treatment requires some
modifications,beyond the rﬁere replacement of electric by magnetic quantities for the
case of a ferro-magneti‘c_ material with a spontaneous magnetization caused by
exchange forces. The resulting modified theory was presented by Brown2-30
Meanwhile, Tierster;z-st1 has published an equivalent theory. It is clear from these
| treatrnerd that magnetostriction can be regarded as a consequencé of strain
dependence of magneto-crystailine energy and co-efficients introduced in the theory
which can be determined by comparison with experi:ﬁent define the dependence.
Comer and Hutchinson2-52 (19358) investigated the wvariation of saturation -
magnetostriction of Ni with temperature Vvariation in the (111) and (100)
direction.Hall2-33 reported the saturation magnetostriction in (100) and (111)
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crystallographic direction of Iron-Aluminium alloy. In the same year Birss2-34
computed the saturation magnetostriction of ferro-magnetic materials. The large value
of A7pp encouraged Borodkina et al2-35 to investigate the possibility of improving A
s via texture control. He prepared a sheet material by rolling to thickness reduction of
30-60% sandwiched and by intermediate ammealing at about 900°C. X-ray
examination showed that in the rolled condition the ideal sheet texture contained three
prominent component (111) (112), (100) (011) and (112) (110). The first being the
strongest, the saturation magnetostriction is 'fairly low between 10 and 20x10-6 with
45° direction having the highest value. After a two hour armeal at 900°C, the sheet
recrystallized to a dual texture of <770> (001) and <100> (00) with the value bf Ag
rising to 42x10°6 in the rolling direction. The texture is still far from perfect, however
as A7gp is over 90x10°9 for alloy. If the rolled sheet is annealed at temperature
greater than 900°C the texture become diffuse and Ag i1s decreased. Latter on
| ‘Bulycheva,Borodkina and Sandomirskaya2-96 carried out an extensive work on this
process and showed that oriented materials can be made with A, ~ 75x10-6. Legvold,
Alstad and Rhyne2-37. Clark, Bozorth and Desavage2-38, Rhyne and Legvold2-39
 made a breakthrough in magnetostrictive materials that is found to occure with the
measurement of the basal plane magnétostriction of 76 and Dy at low temperature.
These basal plane strains are 100 to 10,000 times. Typical magnetostriction of these
rareearth metals still remain today the largest known values, about 1%. In the same
year Tatsumoto, Okumoto, Iwata and Kadena2-60 measured the value of magneto-
crystalline anisotropy constants K7 and K of Nickel. Aubert2-6] studied the Nickel
and observed the temperature dependence of the anisotrophy constants. AsgarZ-62
carried out extensive investigation of single crystal M sample for the mesurement of
magnetostriction and magneto-elastic coupling factors in which he has related the
magnetostriction co-efficients with magnéto-elastic coupling co-eﬂiciénts and
successfully separated the various temperature dependences. Elastic and magneto-
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elastic constants of ReFey compound were studied by Klimker, Rosen, Dariel and
Atzmony2-03 by means of ultrasonic sound velocity measurements. These propetrties,
‘together with ralher.i'mpressive magnetostriction properties of binary and pseudo-

binary R-Fey compounds are shown by Clark2-64

The standard treatment of magneto-elastic interaction is given by Becker and
Doring2-65, Lee and Asgar2-66. They state that the free energy expression can be
written down for a magnetizable body incapai)lé of fleformation and for an elastic
body incapable of magnetization. To the sum of these is aﬂded an interaction term in
the form of volume integrals of an interaction energy density of phemomenologically
acceptable foml.Every thing else follows ﬁ"om' this by exact or approximate
minimization procedures. Savage, Clark and Power2-67 worked with 75., Dy » Fe)
sample and calculate the magneto-mechanical coupling and AE effect. For x=.26 their
result for peak coupling is 0.6. Asgar2-68 calculated the magneto-elastic interaction
and its relation to the developement of magnetic materials. In his paper he detailed
out the strain gauge technique for evaluation of magnetostriction constants. N.C.
Koon, C.M. Williams and B.N. Das2-62 carried out an extensive experiment on giant
magnetostrictive materials of a new class of rareearth intermetallic compounds. The
RFe) laves phase, which were found to exhibit room temperature magnetostrictive
strain and the reported value approaches 2x10-3 which is an order of magﬁitude larger
than any values previously known. Greenough, Jenner, Schulze and Wilkinson?-70
iﬁvestigated the properties and application of magnetostrictive rareezﬁth iron
compounds. Folks, Milham and Street2-71 exafnined the rareearth iron compounds

and their works was mainly to observe the magnetic viscocity at low temperature.

In the present work magnetostriction of polycrystalline Iron-Aluminium alloy and Iron

Terbium Dysprosium have been measured systematically at room temperature.
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2.2.2. Theory of Magneto-Elastic Energy

The magneto-elastic -energy is proportional to € f(a). This term in order to

processess the correct transformation properties of the crystal, must be a direct.

_product of strain components and direct cosine polynomials which transform
according to the same symmetry representation given by Callen and Calien?-72.

Asgar?-73 explicitly explained and developed theoritical basis of magneto?elﬁstic

coupling which is stated below.

For non-S-state ions the orbital angular momentum has non zero value of L with
(21+1) degeneracy in the lowest energy ground state. The orbital change distribution
for these ions is highly asymmetrical. When these paramagnetic ions are surrounded
by a crystalline electric field within crystal, the orbital degeneracy is removed and the
resultant wave functions form new linear combinations which reflect the local
symunetry of the crystal. The charge distributions with lobes direéted towards
negatively charged anions will be relatively less favourable compared with charge
distribution having lobes directed between anions. If the neighbouring anions are

displaced due to straining of the crystal, the charge distribution lobes will also move

to a new configuration to minimise the energy. The rotation of the charge distribution

lobes alters the orbital angular momentum and hence the spin angular momentum

because of spin-orbit coupling.

The magnetization associated with spin will thus be rotated. Spin-orbit coupling also
contributes to the anisotfopy by way of another mechanism called anisotropic
- exchange introduced by Vanvleck2-74. If the wave funtions are asymmetrical, the
amouni of overlap of two neighboﬁring ions will change when the parallel spins of the

two ions are rotated by the spin orbit coupling. Since the exchange coupling is related
25
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to the amount of overlap, the exchange energy will vary with the orientations of the

orbital moments of the neighbouring atoms relative to one another and the axis joining

them.

For-S-state ions orbital angular momentum is zero and the charge distribution is
syminetrical. However the splierical distribution is somewhat distorted by the crystal
field. The spin-orbit coupling thus contributes to the nnisotropy energy and

magnetostriction in this case as well, although of much smaller magnitude.
2.2.3. Physical Origin of Magnetostriction

Magnetostriction is due mainly to spin-orbit coupling. This coupling is also
responsible for the creation of anisotropy energy. The relation between the
magnetoétriction and spin-orbit coupling can be developed from the Figure-2.4. The
block. dots represent atomic nuclie. The arrows show the net magnetic moments per
atom and the oval lines enclose the electrons belonging to and distributed non
spherically about each nucleus.The upper row of atom depicts the para magnetic state
above Tc. If for the moment we assume that the spin orbit coupling is very strong then
the effect of the spontaneous magnetization occuring below Tc would be to rotate the
spins and the electron clouds in to some particular oriention determined by the crystal
anisolropy léﬁ to right, the nuclic would be forced further apart and the spontancous
mangnetostriction would be ALYL.If we then apply a strong field vertically, the spins
and the electron clouls would rotate through 90° and the domain of which this atom

are a part would magnetostrictively strain by an amount AL/L.

The spin orbit coupling thus contributes to the anisotropy energy and the

magyetostriction is small in magnitude. Exchange energy can make contribution to

6



and the electron clouls would rotate through 90° and the domain of which this atom

are a part would magnetostrictively strain by an amount AL/L.

The spin orbit coupling thus contributes to the anisotropy energy and the
magnetostriction is small in magnitude. Exchange energy can make contribution to
magnetoelastic energy due to the strain dependence of the exchange integral Jij. When
the magnetic moments of neighbouring ions are rotated away from paralleism. The
" exchange energy while increasing the elastic enefgy gives rise to magnetostriction.

There are three meclianism of anisotropy:

1.  Crystal field anisotropy

2. Exchange anisotropy

3. Exchange striction

Which is shown schematically in Figure-2.4a, 2.4b and 2.4c respectively
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F1g. 2.4 P'hys'rc.a.l origins of Magnelostrtiction.
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2.2.4. Mechanism of Magnetostriction

Expression for Linear Magnetostriction:

Magnetostriction is developed due to interaction between the atomic magnetic
moment, when the distance between the atomic magnetic moments is variable,Neel's

developed a theory which represent the interaction energy

W(r,cosd) = g(r)+1(r)(cos’ g— 1) +q(r)(cos’ ¢~ %4 cos® ¢+ ¥s)t ... 214

Upon the generation of maglletic. ordering the crystal lattice is spontaneously
deformed because of the dependence of the interﬁction energy on bond length. The
amount of defonnation of bond length will depend on its direction with respect to the
magnetization direction through the angle ¢. The first term g(r) is the exchange
interaction term and is of relevance only when volume magnetostriction is considered

as manifested in thermal expansion anomally at the magnetic ordering temperature.

The second term represent the dipole-dipole interﬁotion which depend on the direction
of magnetization and can be the main origin of the usual magnetostriction. The
following terms also contribute to the usual magnetostriction but normally their
contribution are small compared to those of the second term. Neglecting this higher

order terms, the equation-2.14 becomes
Wir,d) = lr)cos? ¢-1/3) 2.15

Let (2}, ap a3) denote the direction cosine of domain magnétization and (77,172,713
those of bond diameter then the equation-2.15 becomes

W = i) {(ar11+ a2ra+a3r9)?-1/3] 2.16
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Considering a defonned cubic lattice and relating the direction cosine 3; to the strain
tensor L;; we can get the expresston for magneto-efastic energy. Since the magneto-
elastic energy has a linear debeudence on strain, the crystal will defonme without limit
unless it is counter balance by elastic energy which increases rapidiy because of its
quadratic dependence on strain. By differentiating the total energy E7= Emg_ a Ia stic
+Eastic With respect to the strain corﬁponents and setting the partial derivatives

equal to zero for minimum energy condition, we can obtain the relation as

—_.. = bO h i S bq B
- —€y -‘— icﬂ+26‘125 + icn-.qzj (a‘f %)+b3 (cll+2q2) + (q;+26‘|2) (Cﬁ +%S %) 217
—ey= R o+ 2 o - ol - al) | 2.18

The fractional change in length of the crystal in any arbitrary direction is given by
Ap= %, BB, o219

Substituting the values of eij from equation-2.16 to équalion-2.17 we get

Ay =hy + RS - %)+ 2, (e fify)+ S+ hy(Talfl + 5~ H)+2heyena (1~ of - D)AA,

| 2.20
'Where cjj indicates a sunumation over terms with a cyclic permutation of the indices.
For hexagonal crystals the relation become modified due to different symmetry

condition and liave been treated in detail by Mason and Lewis2-75. For cubic crystal
- YA (G B+ BF +alfh— ) +34 (s + @y BBy + e fffy) 220

Where 4799 and A71; indicates strain along (100) and (111} direction respectively.
Thus the magnetostriction of a cubic crystal may be expressed in terms of 4799 and 4
11 1.’ The elongation in (110} is not independent of 799 and Ajj; but is ré;lated to
them by

Ar1o=1/4 2 190+ 3/4 2 11;
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If 2790 = 2711 = A then equation-5 becomes

L Ax[_(auﬁ +ay By +asfs)t ~ )= ¥ Afcos® - 4) 2.22

For pblycrystalline materials the longitudinal magnetostriction is calculated by

" averaging . equation -2.20 for different ocrystal orientations by assuming @; = f; |

where i= 1,2 and 3 thus

A=Y A0+ A0 2.23

2.2.5. Magnetostriction of Polycrystal

The saturation magnetostriction of polycrystalline specimen parallel to the
magnetization is characterized by a single constant Ap. Its value depends on the
presence or absence of preferred domain or grain orientation. If the grain ofientations

are completely random, the saturation magnetostriction of the polycrystal should be

-given by some sort of average over the onentations. When a polycrystal is saturated

by an applied field, each grain tries to strain magnetostrictively in the direction of the

field by ‘a different amount than its neighbours because of its different orientation.

One of the two extreme assumptions may then be made

1. Stress is uniform throughout but strain varies from grain to grain.

2. Strain is uniform and stress varies from grain to grain. 5
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The condition of the uniform strain is usually considered to be physically more
realistic. For cubic crystal averaging equation-2.20 for overall orientation of the Ms
vector wilh a set of fixed crystal axes. We first express aj, ap a3z in terms of the

angle 6 and ¢ . The relations are
@} = sin geost, ay= sing sinband a3 = cosd 2.24

on the surface of a sphere of unit radius centered on the origin, the element of area is
dA=dd(sing)d® Averaging over the upper hemisphere, we find the average value of 4

gi to be

1
A=7

f:

z,'—""

sin fd g8 2.25

Substitution of equation-2.21 for A and intregation lead to

ho=tot BEYY:

2.2.6. Direction of linear Magnefostricti’on

Experiment have shown that the deformation depends upon the direction of
magnetization. For a cubic material magnetized in the direction given by the direction .

cosines & I; ay and a3 with respect to the cube axes. This deformation is expressed

in strain component €;; where i j= x,y,z become in the first approximation
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€= K Aoo(at — Y) €= Y Aioo (@3~ Y) 6= Y Ayo0 (2 - 1)
2.27

Exyp= %ﬂ.m(‘alaz), }'z:. %"-m(azas),eu: %'1111(“3“1)

The extra terms (-1/3) make the total change of volume nill. Trace of the matrix is
zero. The factors 3/2 ensure that the strain in the direction of magnétizaﬁon with

respect to the non magnetized state
(ﬂfl2 = a% = a% = %) 2.28

is 2790 and A7 in the (100) and (111) directions respectively by the strain in a
direction perpendicular to the field is 1/24;99 and 1/24;7; respectively. In an
arbitrary direction we then have magnetostriction parallel to the magnetization is given

as

AMay, @, @)= Aigg +3(Ay1, — Mg Nt e +f2§a§ +azal) ... 2.29

In discussing the effect of a unidirectional stress it is convenient to divide materials in

two classes which are
1. Posttive magnetostriction

2. Negative magnetostriction

In materials of class-1 the magnetostriction is increased by tension and the materials

expands when magnetized. In class-2, the magnetization is decresed by tension as a

results materials contract when magnetized.
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2.2.7. Magnetostriction Arising from Domain Rotation

Magnetostriction is associated with domain orientation. The change in dimension of a -
single domain can be rotated in a simple quantitative way to change in direction of

magnetization in the domain as follows.
4, = Y A,(cos’ 8- 1) : 2.30

Here 0 is the angle between the direction in which the change in length is meﬁsured.It
is lassumed now that magnetostriction is independent of the crystallographic direction
of magnetization and that the change in volume is zero. The zero point-of Ay is chosen
so that the change in volume is zero. The zero pbint of A7 to the longitudinal change
in length As when 6=0 at saturation.When the length is measured at right angle to the
direction of magnetization (Tranévérse effect) =90 and the change in length A=-A4s/2.
For polycrystalline or amorphous materials the domain are initially oriented at
random. The same relation is applicable if one uses the average of cos20 overall the
domains. When the materials is unmagnetized <m329> av=1/3 and A=0. Upon
application of a strong field become zero and A =Ag If the domain are not initially

random, one can usé the relation
A=YAl< cos? 8>, — Y1~ % A[< cos? >, — Y]

= Y A[<cos? B>, - < cos? 9>,]

232

Where <cos?0>,, = Initial domain distribution

<cos20> 4,=Domain distribution at any time.

If the domain are oriented originally so that 6=0 for half of them and 6=180 for other

half <cos20>, = <cos20>,, =0 the reference point in a strong field 6 =0 and there
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is no change in cos26 and again A=0.When used in this sense, A depends decidedly
on the initial domain distribution while As can be determined in any specimen by
measuring A applying a saturation field applied first parallel and then at 90° to the
difeétion of measurement of A The total change in iength caused by the change in

field in the potycrystalline materials is then

AVI=3/2 A which is independent of initial domain distribution.
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Chapter-3

MEASUREMENT OF MAGNETIZATION OF FeAl ALLOY
SYSTEM: |

3.1 Dillerent Methods for the Measureinent of Magnetization

“The methods, so far used for measuring magnetization of para, dia and anti ferro-

magnetic substances are grouped in to three major classes. These are as follows.

(1) . Extraction method

(2)  Vibrating sample method

(3) Force method:
(a) Faraday method
(b) <Sucksmit.h method
(¢) Gouy method

3.1.1. Extraction Method:

This method involve the measurement of voltage or current which are induced in a
directional coil by a flux change when the applied magnetic field, coil position or sample
positioﬁ is changed. Recently oscillatory coil or sample techniques have been used to
observe the magnetization of a sample by an a.c’ method. Ali of these techniques have
employed an arrangement in which the detection coil is symmetﬁcally distributed about

the sample with the axis of the detection coil parallel to the applied magnetic field. One

“major disadvantage of such a method is that unless an air-core solenoid type magnet 1s

used, the usual Laboratory magnet must be extensively modified. This method has

.
Al
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insufficient sensitivity when the susceptibility is small and it is normaly limited to
measurements at room temperature and below, because susceptibility decreases with

increasing temperature for dia and antiferromagnetics materials.

3.1.2. Force Method:

There are various techniques for the measurement of magnetization by this methods.
These include measurements using the Faraday effect, analysis of galvanomagnetic
effects, ferromagnetic resonance measurements e.t.c. These methods are based on the
meashrement of the force acting on a body when it is placed in a non uniform magnetic

field. An instrument désigned for this purpose is usually called a magnetic balance.

Theory of Force Method:

If a body is placed in a uniform magnetic field, it will rotate untill its loh_g axis is parallel
to the field. The field then exerts equal and opposite forces in the two poles, so that

there is no net force of translation. On the other hand, if the field is non uniform

increasing from left to right,as shown in Fig. -3.1.

l ——

FIG. 3-1 A BODY iN A NON UNIFORM MAGNETIC FIELD (H)
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a pole strength P will be produced.As the field is stronger at the north pole than at the
south, there will be a net force to the right given by ‘

Fo=—PH+ P(H+4H) = pafl = pmdfl = My df - Myry

Fo= ol 4 = B (L) +

Where m magnetic moment v volume of the body. Thus the body if free to do so, will
mbve to the right i,e in to the region of greater field stregth. For dia-magﬁelib substances

X=> -ve, its polarity in the field will be reversed and so it will move toward a region of

lower field strength. That is why it is known as dia-magnetic substance which is repelled

by the field. The phenomenon is shown in Figure-3.2.

Paramagnetic

Diamagnetic

FIG. 3.2 POSITIONS OF DIAMAGNETIC AND PARAMAGNETIC
SUBSTANCE IN MAGNETIC FIELD

If the field H is three dimentional, then

H = Hi+ HL+ H} 3.2
and the force on the body along x-direction are
2 aﬁ M’

2(F g T)

or F, = IV(Hx +H +H, %—) - 33

It is often necessary to correct for the effect of the medium, usually air, in which the

Body is placed. As the susceptibility ¥ of the body may not be greater than the

| susceptibility 4 of the medium, the force on the body then becomes
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i It is often necessary to comrect for the effect of the medium, usually air, in which the
body is placed. As the susceptibility 3 of the body may not be greater than the

susceplibility o of the medium, the force on the body then becomes

&, o)
Fo= (- xoH 5+ H, S+ H 3 34

because the motion of the body in the +x direction must be accompanied by motion of an

) equal volume of the medium in the -x directin.
3.1.3.Faraday Method:

In this method the specimen is small enough so that it can be located in the region where
the field gradient is constant throughout the specimen volume. The experiment set up is

shown in Figure-3.3.

— 2 &Balance
% Pole Gap
Sample

;

FIG.- 3.3 EXPERIMENTAL ARRANGEMENT OF FARADAYS METHOD
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The field predominantly in the ¥-direction and in the region occupied by the specimen,

Hx and Hz and their gradients with x are small. The variation of A/} with x is shown -by

the curve superimposed in the diagram and it is seen that

4 .
%?—:(ZH),;‘P—) 3.5

is approximately constant over the specimen length. Equation 3.4 then become

dH,
Fy = (x— x,)vH, 2+ dynes 36

' F, 1s measured by suspendidg the specimen and Hy and dH}/dt’ will be measured by the

flux-meter.

3.14, Gouy Method:

Where the volume of the sample available is not limited, the method originated by Gouy
is useful. In this case, if the powder sample is packed in a long thin tube so.that one end
can be in the region of maximum field between the poles of the magnet and the other end

in a virtually field free region out side the poles.

It is of course difficult to observe the magnetization in a truely uniform magnetic field.
Since the field gradient is essential for the production of the force. Moreover this
method is not easily adaptable to routine measurements of magnetization versus applied
field for crystal with magnetocrystalline -anisotropy. Objection to the use of force
mrthods for magnetic measurement of highly anisotropic materials have recently been

raised by Wolf.
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3.1.5. Sucksmith Method:

By Sucksmith ring balance one can measure susceptibility of the order of 10°0. It
consists of a ring balance. The ring is of phosphor bronze of 10 cm diameter made from
0.5"x0.01" strip. Two mirrors M; and M) are cemented on it. The ring is suspended
from above and the specimen is hung from it between the magnetic poles. As the
specimen experiences a force the ring gets distorted and light beam reflected from M;
and M is deflected. The deflection is directly proportional to the force. The specimen
can be enclosed in a fumace for high temperature measurements or a cryostat for low

temperature measurements. Calibration is carried out by the use of a sample of known

susceptibility.
3.1.6. Vibrating Sample Magnetometer:

The vibrating sample magnetometer is a highly sensitive and versatile equiprﬁent for
measuriﬁg’ magnetization of small sample very acurately. It was first invented by " Van

oster hout” in 1956. In the same year another V.S.M was constructed by simon Foner

. independently. Because of some new and extra facilities of Foner3-1-3 instrument, it is

largely used in research laboratories and known as Foner type magnetometer and its

diagran is shown in Figure-3.4. .

The most convenient arrangement is to drive either the sample or the detection coil with
a vertical rod, which passes between the pole faces of the magnet. The vibrating coil
teclmique hﬁs been devoloped by D.O. Smuth and this technique has been used by
M.A Mazid M.A. Chowdury and S. Akther3-4 to build the present V.S.M. in AE.C.

which has been used to measure the magnetization of the Fe-Al alloy samples.
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Fig. 3.4 : ¥.5.M. (Foner type)

The most convenient arrangement is to drive either the sample or the detection coil with
a vertical rod, which passes between the pole faces of the magnet. The vibrating coil
technique has been devoloped by D.O. Smith and this teclnique has been used by
M.A Mazid ,M.A. Chowdury and S. Akther3-4 to build the present V.SM. in AE.C.

which has been used to measure the magnetizatibn of the Fe-Al alloy samples.

The V.S.M. is based on the flux change in a coil when the sémple is vibrated near it.
Sphere or disc shaped sample is glued to one end of the rod. The other end is connected
to a loud speaker cone or to a mechanical vibrator. Current through the vibrator ‘}ibrates
the rod and the sample with 80 cycles/sec and with an amplitude of about 0.1 mm in a
direction at right angles to the magnetic field. The oscillating magnetic field of the
sample induces an 'altemating e.m.f. in the detection coil. The vibrating rod also cé:ries
a refference specimen in the form of a small pennanéﬁt magnet near its uppér end. The
oscillating field of this magnet induces another e.m.f. in the reference coils. The voltages
from the two sets of coils are compared and the difference is proportional to the
nagnetic moment of the sample. The flux change induces an e.m.f. sign_iil proportional to

the magnetization of the sample in two pic-up coils placed symmetrically on either side
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of the sample and connected in series to add up the e.m.f.’s-'The axis of the coils are
parallel to- the direction of vibration of the éa:nple. A reference signal is obtained by
vibrating a permanent magnet of known magnetic moment inside & coil with the
frequency and amplitude similar to the sample. Then the reference signal is brought in
phase with the sample signal compared in a null-detector,i.e lockin- amplifier. The

magnetic moinent produced by a current I through the primary coil is given by

p= arNgI 3.7
where r is the radius of the primary coil and N is the number of turns. The flux through
one of Ihe secondary coils of radius R and at a dlstance Z from the dipole is given by

| i e
E—:—;rw“ Al = ———mz B 3.8

The mduced emf in lJle secondary coils (V7 tums ) in add-up configuration is given by
'E—_( )z _[,uo,u{&(zz Rz)}z z]a

_ /po_uR:Z WdZ (lglz)cosnz
(z24+ )%

39

Where the instaneous position of the primary coil is given by
Z= 2o+ A Z, sinwt 3.10
AZ0 is the amplitude of vibration and w is the angular frequency of vibration.

J.1.7. Vibrating sample Magnetometer coil arrangement and Field
Distribution:

The advantage of sample vibration perpendicularly to the applied field can be fully

utilized only if a suitable detcetion coil arrangements can be devised as part of the
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vnbratmg dipole field. The scaler potential of fixed dlpole M at the origin and pomted

along the x - direction is given by the relation

¢=i} 3.11

IF M is vibrated in the z-direction with sufficiently small amplitude a, the time varying

potential int the surrounding space coil be ¢jei*?, Where

1;51__a(§) ?_MSE 312

The flux pattem of the time varying part of the field is given by grad ¢; .Its

couﬁguratibn in the xz plane is shown in Fig-3.5 with coils at 45°.

Figure 3.5:  Time varying part of dipole field in x-z plane for vibration parallel

to z and dipole mornent paraliel to x.
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One of the most convenient detedtibﬂ coil arrangements is the use o_f double coils, shown
in Fig.3.6a. A special variations of relative output signal for two typical double coil

assembhes are ploted in Flgure -3.7 and 3.8. The coil configuration shown in Figure 3.6a
has been employed extensively for. almost all our magnetic measurements. This
alrangement has proved both easy to assemble and most convenient in operation. Coils,

shown in Figure-3.6c have the general characteristics features shown in F igure-3.7 and
Figure-3.8. The arrangement of a single coil is useful when very high fields are required
and is shown in Figure-3.6b.The out-put voltage in such a case can be maximized for
position in the x or y direction, so that the out-put signal is then insensitive to small

sample displacements in these directions.
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F1g 3.6 Exumples of useful detection cojl arrangements
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7 direction.
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Figure-3.6a shows the addition of a pair of coils coaxial with the z-axis. With such an
arrangement the magnitude and direction of the magnetic Amome.nt vector i space can be
determined. Figure-3.6¢ shows a multiple coil arrangement which attempt to intercept a
maxinmuin of the sample dipole coils. An efficient modification of Figure-3.6¢ is shown
in Figure;3.6f. This coil geometry however is not easy to fabricate. Finally, the cross-
section of a coil geometry which reflects most of the dipole field synunetry properties is
shown in Figure-3.6g. It is directly derived from Figure-3.6f and leads to rathér simple

computation of out put voltage versus geometric parameters.

3.1.8. Working procedure of Vibrating sample Magnetometer:

This is a sensitive eqﬁipment and it should be handled carefully. The following
procedure may be followed. The sample is fitted to a drive rod assembly and positioned
at about the mid point of the sample coils by eyé estimation. The switches of the:
electromagnet power supply unit, the signal generator, the audio amplifier and the shifter
are then turmed on. At least half an hour is spent for the warming up of all the component

unit. The frequency of the sine wave from the signal generator is set at 80 Hz.

The gain of the audio amplifier is adjusted to make the out put signal driving the speaker
to about 3 wvolts —peak to beak. This signal make the rod assembly vibrate with
sufficiently large amplitude. The sample signal alone is first seen on the d.c. meter of .
the lock-in-amplifier.The neter reading is maximised by changing the phase of the

locking signal in the reference channel.
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The locking signal in the reference channel is brought in exact quadrature with the
sample signal to give a correct null reading on the meter. The two signals ﬁ;e then
brought in the same phase. 'ljhe signal produced in the reference coil system is then
found to be a maximum reading on the meter to the right. Similarly the reference coil
signal alone is next seen on the meter. This signal is first brought in quadrature with the
locking signal with the help of extenal phase shifter in such a manner that it gives a
deflection to the left on the neter, when it is again brought in phase with the sample

signal. The lock-in-amplifier is then set in the diferential mode.
3.1.9. Electronic circuit of V.S.M. And its operation principle:

The vibrating sample magnetometer consists of a mechanical vibrator,a sine wave
generator, an audio amplifier,a ratio tfansfonner, a phase-shifter, a lock-in-amplifier, a
pick-up coil system, a referenée coil system, x-y recorder and an elecho-magrlet. A
schematic diagram of V.S M. is given in Figure_-3.9. The function of the associated

electronic circuils are

I To pernmit accurate calibration of the signal obtained from the detection coil.
2. To produce a convenient a.c. out put signal which is directlly related to the in-put
and which can be recorded.

3. To produce sufficient amplification for high sensitivity operation.

The signal generator §G feeds a sine wave of 80 Hz frequency to the audio amplifier
AA. The audio amplifier derives the loud speaker SP. Loud speaker is specieally
prepared vibrator which vibrate a glass rod .of assembly at the signal frequency 80 Hz.
The out put of the signal generatbr is also connected to the reference channel in-put of

the lock-in-ainplifier ZA. The drive rod assembly R tightly coupled to the vibrating paper
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coute of the speaker which vibrates in-a vertical direction along its length. The amplitude
of vibration may be varied at will by changing the gain of the audio amplifier 44. A
peﬁnanent (BaO, 6Fe3 O3 ) agnet P of cylindrical shape is fitted to the drive rod at its
iower end with the help of a sample holder H. Two cylindrical sample coils, SC, with
their axis kept verticalA, are placed on the 6pposite sides of the sample and along the line
Jjoining the centres of the pole tips ( N.S) of the electro-magnet. They are connected in
series opposition and ﬁet out put signal is comnected to the phase shifter through a
shielded cable. This pair of coils is referred to as the.sample coil system. Another pair
of co-axial coils RC also connected to each other in series oppbsition is placed
symunetrically around the pennanent magnet_P. This coil pair is the reference coil

system.

As the drive rod assembly is vibrated with a particular frequency and amplitude, the
sémple S induces a signal of the same frequency in the sample coil system. This signal
is proportional to the dipole moment of the sample S. As the field in the pole gap is
gradually increased by increasing the current through the electro-magnet EM, the sample
becomes magnetized more and mdre and induces a larger signal in the sample coil
system till it reaches saturation magnetization. This signal directly goes to one of the
inputs of the Lock-in-amplifier. Similarly another signal of the same frequency is
indﬁced in the reference coil system due to vibration of the permanent magnet P. Since
the motnent of the magnet is fixed, this signal is also of fixed amplitude for a particular

frequency and vibration amplitude.
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This signal is termed as the reference signal and it is first fed to a umity gain phase-
shefter unit -PS. The phase shifter capable of continuously changing the phase from 0 to
360 degrees is used to bring the reference signal in phase with the samnple signal. The
reference signal is compared with the sample signal in a lock-in-amplifier. The output of
the lock-in-aruplifier is 'fed to the Y axis of the x-y recorder. The magnetic field is
measured with hall probe which is fed to the input of the gauss meter.The output of the -
gauss meter is fed to the x iput of the x-y recorder. The lock-in-amplifier is operated in
the differential in put mode and is used as a null detector. Since the 'sample § and the
permanent magnet £ are vibrated with the same drive rod assembly, the sample signal
and the reference signal have a direct phase and amplitude relationship.As a result the
ratio of the samnple signal to the reference signal is proportional to the magnetic moment
of the sample. The measurement is insensitive to snmll changes in the amplitude and

frequency of vibrationn and the gain of the amplifier.
3.1.10. Description of Mechanical parts:

The various mechanical parts of the magnetometer are described in detailed in Figure-
3.10. The base B of the V.5.M. is a circular brass plate of 8 nun thickness and 250 mm
diameter. A brass tube 7T of 25 mun outer dia-meter and b.25 mm thickness rnuns
normally through the base such (hat the axis of the tube and the centre of the plate
coincide. The base and the tube are joined together by soft solder. The tube extends 60
mun upward and 24 mm downward ﬁom the base. There is a vacuum part on the lower
part of the tube 120 nun below the base. The lower end of the tube T is joined to a brass
extension tube £ by a threaded coupling and an O’ ring seal. Another thin tube K made

of genman silver and of 8 mm inner diameter runs through the extension tube L from the’

coupling point to about 50
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mm below the sample position. Above the base there is a hollow brass cylinder M of
180 mm length and 130 mun inner diameter and having 40 mm wide collars at its both
ends. The lower collar seats on an O'ring seal which is situated in circular groove in the

base plate. On the uper collar there seats an aluminium top N with an O’ ring seal. The

- brass cylinder M has a side port ¥P. This is again a brss tube of 41 mm diameter and 43

mim length. The port has a collar at the end away from the cylinder. A perspex vacuum
feed through it fitted at its end with Q' ring seal. This port is connected to the cylinder
by soft solder. Electrical connections from the audio amiplifier to the speaker and from
the reference coil system to the phase‘éhiﬁer are taken via the perspex-through. By
connecting the vacuum port of the tube Tto a vacuum pump, the sample envifoment can

be changed . The speaker SP is fitted 25 mm above the tube T with the help of a brass

~stand. The lower end of the stand are screwed to the base pl'ate while the rim of the

speaker is screwed on the top of the stand. The speaker has a circular hole of 10 mmn
diameter along the axis of it. An aluminium disc haviﬁg female threads in it is fitted to
the paper cone with arﬁldite. The aluminium connector having male Ulréads on it and
attached to the drive rod assembly fits in the aluminium disc and thus the drive rod
assembly is coupled to the speaker. The drive rod assembly consists of two detachable
parls which are joiﬁed together by means of aluminium threaded connectors.Each part is
a thin pyrex glass tubing of 4 mm diameter. The upper part has a smalll permanent
magnet P situated 100 min below the aluminium connector attached to it. At the lower
end of the drive rod assembly a perspex sample holder having quite thin wall can be

fitted tightly with the sample in it. A few perspex spacers are also attached to the drive

" rod throughout its tength. The spacers guide the vibration of the sample only in it

vertical direction and slopes sidewise vibration or motion. The total length of the drive

rod assembly is 920thm.

54



-,

3.1.11. Sample and reference coils:

Both the sample coil system and the reference coil system are each a double coil
systern. The reference coil systern consists of two coils wound oppositely side by side
on the lwo grooves of a fonner. The fonmer is made of bakelite. Each coil is 4mm lbng,
2imen thick and its inner diameter is 25mm. The wire is supperenamelled BICC coper
wire of 0.02mm diameter. Total number of tums in each coil is 6000. Since the two coils
are connecled in series opposition the out put signal is only due to the vibrating
parmanent inagnet P. Any noise induced in it due to background will be minimum. The
coil system fits over the brass tube T about 25mm above the base. It is positioned. by
moving il up and down the tube T while vibrating the permanent magnet. The length of
the coil is 6mm and its diameter is 4mm. The same superenamelled BICC wire of 0.02
mm diameler has been used in these coils. The number of tums of each coil is 6000
again. The signal due to the §aﬁ1ple inoment enduced in the sample coils system is in
principle, given by the relation

Vs = Ks W A exp(Wit)l; (3.13)

Where K is a constant dependent on the coil geometry, W is the angular frequency of
vibration, A is the amplitude of vibration. My is the magnetic moment of the sample. The
e.an.f. enduced in the reference coil is given by

Vi = Kr WA exp(Wiy) I, (3.14)

Taking the r.m.s. values of Vs and V7 it can be seen that the ratio of the two signal is

independent of frequency and amplitude. The ratio is given by
v = Wems _ KM, :
out ™ ( rjrm.s - FI’E !

1=KV, - (3.15)

55



where Kis a constant since Ks, Kr and Mr are constant. Here ¥,,,,, is actually the ratio

transfonmer reading.
3.1.12. Sensitivity of V.S.M.:

The sensitivity of a V.S M. is usimlly determined by the signal to noise ratio. The

niaximum sensitivity of the lock-in-amplifier is 10 micro volts r.un.s. So the differential

method lias been used to measure the sensitivity. It is found to be about 104 e.m.u. it

may be miention here that the sensitivity of commercial v.s.m. made by PARC (Princeton
Applied Research corporation U.S.A.) is about 5x10-3 e.m.u. With the sensmv:ty so far
achleved this v.s.m. can be used for investigation of ferro- magnetlc ferri- magnetlc and

strongly para-inagnetic inaterial at room temperature.

J3.1.13 Advantage and Disadvantage of VSM:

This method is versatile and sensitive. It may be applied to both weakly and strbng
magnetic substances and it can detect a change in magnetic moment of 5x[0-3

erg/oested which correspond to a change in mass susceptibility of 5x10-° emu/gm for 1

gim. of sample in a field of 10,000 oested. The greatést advantage of this method is that

any laboratory magnet can be used for this equipment. It is not generally suited to the
deterrnination of the magnetization cufve or hysteresis loop of a magnetically soft
inaterial. The specimen has to be short and demagnetizing field is then such a large
fraction of the applied field that the true field is uncertain. This problem can be removed

Ly determing saturation magnetization because knowledge of the true field at saturation

is not necessary.
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3.2. Effective Magnetic Field

Since our available field could not increased beyond 9 K gauss which after correction
for demagnetizing field reduce to an effective field of 2.5 K gauss, the saturation
_ magnett_zation corressponding to infinite field are calculated for different alloys of Fe-Al
alloys by extraploting the experimental values to infinite field. This is done by ploting
specific magnetization against recipocal of the applied fields and is shown in F igure -

312,

3.3. Measurement of Magnetization

The magnetization measurement of iron-aluminium is chosen to find the magnetiiation
process of the materials and also its saturation magnetization. This magnetic
characteristics are important for determining the performance of this materials as it has
been used for designing various devices and system. A cotnmercial sample of iron-
aluminium is chosen for mmagnetization measurement to look at the saturation

inagnetization and to investigate the possibility of its application in designing transducer.

The magnetization measurements of Fejgg.xAly (x = 2, 8, 10, 12 and 14) are measured
by means of a vibrating sample magnetometer. The magnetization ¢ as a function of
maguetic field are measured in different applied fields with a maximum of 2.5 Kilo
oersted. |

The measurements are confined to room temperature only because of the nonavailability
of high temperature oven and low temperature cryostat. The magnetization curves are
shown in Figure- 3.11 and 3.13. It is seen that the magnetization is moreasm,g slowly

with the increase of the applied field tables 3.1-3.5. The specific magnetlzatlon values o
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are then ploted against %, which 1s found to be linear for higher value of H. The value

of o at -[1? = 0 is taken as the value of magnetization at saturation . These curves are

shown in Figure 3.]12.

The concentration dependence of the saturation magnetization is shown graphically in

Figure 3.13.
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TABLE-3 1

VARIATION OF MAGNETIZATION WITH FIELD FOR FeggALy AT ROOM
TEMPERATURE

FEELDIN | MAGNETIZATION| |FIELDIN | MAGNETIZATIoN
OERSTED ernu/gm OERSTED en/gm
12.15 53.38 | 185.06 155.78
16.57 61.10 - 208.03 | 162.78
19.82 68.60 | 25874 168.91
25.99 76.10 309.45 175.04
47.12 83.14 331.88 182.04
69.55 90.14 411.20 187.29
80.28 97.50 46224 | 193.41
85.80 105.02 541.23 198.67
89.38 112.60 6205 | 203.92
102.06 119.90 72849 . |208.29
113.11 127.25 949.88 1209.17
11831 134.78 17159 210.04
140,74 14178 - 142039 (21008
163.17 148.78

59



" TABLE-3.2

VARIATION OF MAGNETIZATION WITH FIELD FOR FegyAlg AT ROOM

TEMPERATURE
FIELD IN MAGNETIZATION| | FIELD IN MAGNETIZATION
OERSTED ¢mu/gm OERSTED emu/gm
18.12 63.42 | 398.75 155,24
74.68 69.61 403.75 163.08
82.81 77.35 46812 170.94
91.25 85.08 43281 . [178.15
99.37 92.82 569.68 181.77
107.81 100.55 698.75 185.64
115.93 108.29 755.62 191.82
212.81 113.19 | | 957.18 193.37
350.31 116.79 1183.12 194.14
358.43 124.53 1420.63 - 194.54
385.00 131.68 1658.75 194.92
390.62 139.50 1904.06 195.07
393.75 147.40 | 2149.06 195.23
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VARIATION OF MAGNETIZATION WITH FIELD FOR FeggAljg AT ROOM

TABLE-3.3

TEMPERA TURE
FIELD IN MAGNETIZAT- FIELD IN MAGNETIZA -
OERSTED | emu/pm OERSTED | emu/om
21.80 31.77 322.39 143.80

40.26 39.29 366.41 150.00

45.78 47.23 384.56 158.02

51.00 55.18 403.02 165.54

69.46 62.70 421.17 173.07

87.61 70.23 542.47 177.25

106.07 77.75 612.35 183.10 .

111.29 85.70 733.64 187.28

116.82 93.64 906.36 189.79

160.83 100.33 1130.50 190.63

166.36 108.27 1367.87 191.04

184.82 115.79 1617.26 [ 191.06

102.97 123.32 1866.64 191.08

208.50 131.62 2116.03 191.10
309.50 138.99 2367.04 191.10
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VARIATION OF MAGNETIZATION WITH FIELD FOR FeggAl;j2 AT ROOM

TABLE-3.4

TEMPERATURE
FIELD IN MAGNETIZA — FIELD IN MAGNETIZA -
OERSTED E%$fg:1 OERSTED |IN ‘etcr?ul};m |
10.11 49.09 273.67 147 49
12.46 57.25 347.95 153.28
13.28 65.46 452.57 158.07
4537 72.64 508.63 164.46
52.87 80.63 565.00 170.84
84.96 87.81 669.62. 175.63
92.47 95.80 749.97 181.22
100.27 103.78 927.13 183.62
156.34 110.17 1128.57 185.22
164.14 118.15 1378.26 185.23
22021 124.54 1627.96 185.24
228.01 132.52 1877.66 185.25
259.80 139.71 2127.85 185.26
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VARIATION OF MAGNETIZATION WITH FIELD FOR FeggAljy AT ROOM

TABLE-3.5

TEMPERATURE

Fieldin | Magnetizt’ Field in-OersJ Magnetizq Field in Magneti?a]
oersled gl S g% ’:-,ch, ted ct;; e E\Q’;& Qersted g ec_)rr;{;z
15.32 16.22 240.82 92.28 59341 ]164.10
20.23 19.39 265.48 94.80 628.82 | 166.20
34.42 | 22.26 297.66 97.67 653.77 1168.77
4841 25.13 293.85 100,54 667.96 | 171.64
60.40 28.08 297.27 103.77 703.38 | 173.80
71.30 31.06 311.16 106.65 715.80 [176.67
75.92 34.25 314.58 109.88 785.28 |177.75
83.53 37.34 318.01 113.11 863.74 [178.47
88.15 40.52 337.58 115.80 935.45 [179.55
92.77 43.72 362.23 118.32 1029.96 { 179.55
104.26 | 46.68 384.79 120.91 1129.36 | 179.62
105 50 390.60 124.06 1221.06 | 179.65
111.11 [ 53.14 388.24 127.48 1328.46 | 179.65
135.76 | 55.66 391.77 130.71 1428.16 | 179.66
139.18 [ 58.89 427.48 132.86 1527.87 | 179.67
153.37 |61.76 432.10 136.05 1627.56 | 179.68
167.56 | 64.63 434.03 139.33 1727.26 | 179.69
18145 |67.51 448.22 142.20 1826.99 | 179.70
18447 [70.74 492.40 145.07 1926.67 | 179.71
188.29 | 73.97 476.59 147.94 2026.37 | 179.72
202.48 76.84 490.48 150.82 2126.071179.73
216.37 179.72 504.66 153.69 2226.07 [179.73
219.79 | 82.95 529.62 156.20 2326.07179.73
223.21 86.18 554.29 158.2 2426.07 1 179.73
25893 | 88.33 568.95 161.59 2526.07 [ 179.73
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'TABLE-3.6

VARIATION .OF SATURATION MAGNETIZATION OF Fejgg.yAly WITH
INVERSE FIELD AS A FUNCTION OF CONCENTRATION AT ROOM

TEMPERATURE.
Concentration Saturation Field in 1/Ha Kg.-1
of Al in Fe Magnetization oersted :
erpu/gn.
2 at. % 210.04 1420.29 704
8 at.% 195.30 1904.04 325
10 at % 191,10 2116.03 A725
12 at.% 185.26. 2377.35 A20
14 at.% 179.55 2526.07 3058
TABLE -3.7:
COMPARISON OF MAGNETIZATION BETWEEN 2.5 K. OERSTED AND
INFINITE MAGNETIC FIELD
Name Magnetization Magnetization at
of alloy at 2.5 K. oersted mfinite field
FeggAly 210.04 213.5
FegyAlg 195.30 198.80
FeggAljo 191.04 194.25
| FeggAlj2 185.22 189
LFegeAl)q 179.55 182.5

TABLE-3.8

From the linear part of magnetization Versus field graph the calculated values of initial

penneabilil_y for the different composition of Fe-Al alloy system are given in Table 3.8

Different composition Field in Magnetization Slope = Magnetizg
of Fe-Al alloy oersted in emu/gm Field in oersted
FeggAly 30 47.5 1.58

FegoAlg 60 56.25 0.9375

FegpAljg 50 31.25 0.625

FeggAljn 150 60 0.40

FeggAlig 260 77 0.296
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3.4. Results and Discussion

Although the study of microscopic structure of magnetic materials has led to important
advarces, .future' improvements require further understanding of the fuﬁdamental
processes of magnetization and a study of sub-microscopic and atomic influences.
Aluminium is soluble in'iron ir the range of alloys up to the ordered alloy Fe 34l It also
forms a super lattice Fedl at 50 at.% of Aluminium. The ordered system are b.c.c with
the Al atoin occupying alternate body centres in Fe 34/ and in FeAl Al occupies all the
body centre position. For the alloy up to 15 at. % of Al magnetizatiloh decreases with
increasing A/ content as if by simnple substitution. Nathans, Pigatt and shull3-3 have
shown by neutron diffraction that Al atoms carry negligible moment. The Fe-1 atoms
carry a morment of 2. Tup ,which is nearly the same as the usual value 2. 2up of an iron
atom, while the Fe-II carry a moment of 1. 5xp. Arrot and sato3-6 have shown that the
most important commercial alloys are those with 12 to 16 atomic percent of A/ in iron.
Alloy bontaining up to 16 atomic% of aluminium have high resistivity and'when
carrectly treated have high maximum permeabilities aﬁd low coercivities. The iron
-aluminium alloys up to 10 atomic percent of aluminium are characterized by
ductility,good soft magnetic properties and increﬁsing electrical resistivity with
increasing aluminiuin content. Considerable work has been done on the alloys near 2% -
of Aluminium where fairly high degree of double orientation has been obtained. The
purpose of this investigation is to study the alloys of aluminium content from 2% to 14%
 aluminium in iron in ordér to make use of the high magnetostrictive properties of these
alloys. The bedy centred cubic phase of iron can be retained for additions of up to
slightly more than one aluminium atom for every iron atom.The iron and aluminium
atosns however do show strong -tendent:ies t@ard brdering within this range of solid

solution, the exact nature of the phase diagram is still under investigation.
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Since the value of magneto-crystalline anisotropy decreases with increasing value of
Aluminium it would normally be expected that the saturation field for iron-aluminiut
alloys should be lower for higher values of Aluminium. However we observed that the
saturation value of the field increases with increasing pércehtage of aluminium. This is
explﬁined as due to increasing value of magnetostriction with the addition of aluminium.
Since our specimens are likely to be strained, magnetostriction constrains the dotnain
wall movements and hence the magnetization process of the alloys, with higher values of
Aluminium thus requiring higher field for attaining éaturation. The concentration

dependance of the saturation inagnetization is shown in Figure- 3.13.

Initial magnetization curves of iron aluminium for varying compositions are consistent
with the assumption that the magnetization is controled by domain wall pinning. The
magietization of iron aluminiuin alloys at room temperature has been visualised as the
moveinent of dotnain. In our experiment the magnetization is found to be 210.04
emu/gin for 2 atomic percent of 4/ in iron,195.30 emu/gm for 8 atomic percent of A/ in
iron, 191.04 emu/gm for 10 atontic percent of A/ in iron, 185.22 emulgm for 12 atomic
percent of A7 im iron and 179.55 emw/gm for 14 atomic percent of Al in iron
respectively. The inagnetic ioments are assumed to be due to the iron atoms which are
ferro-magnetically coupled to the nearest neighboﬁrs which are also iron atoms. For the
alumihiutn iron alloys with low concentration of alumninium, the aluminium atoms acts as
non inagnetic substitute of magnetic iron atoms; thereby reducing the resulting
maguetization in proportion to the atomic percentage of aluminium. From the resuits
shown int the Figure 3.11 the reduction of magnetization is 13.99 for 14 atomic percent
of aluniinium. Since the measurements are done at room temperature, the agreement is in
fact even better than expected. This is because only at abosolute zero degree of
teniperature the saturation magnetization should follow the rule of proportional decrease

of magnetization according to the rule of corresponding states. In our case the alloy
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composition have different curie temperatures and the reduced temperatures are not
used. Coupling of the angular mornentum (L) and spin (S) also contribute small inagnetic

toments per atont. Our results have some approximations in these respect.

The actual mechanism of ferro-magnetic ordering is infact more complicated than simple
dilution of magnetic iron atoms by non magnetic alﬁminium atoms. Besideé the ferro-
inagnetic exchange interaction between the nearest neighbour iron atoms, there is also an
antiferromagnetic exchange interaction by indirect super exchange betweén the iron
atoms which are éeparated by an aluminium atom. This negative interaction becomes
increasingly important when the probability of an aluminium atom to become the nearest

neighbour of an iron atom increases due to increased percentage of aluminium.

It our choosen range of composition this effect can be neglected in the first
approxunation. However this aspect of complex exchange mechanism has to be kept in
mind without which the sharper fall of magnetization with aluminium concentration at

high values of aluminium in the iron-aluminium alloy system can not be understood.

Initial permeabilities of different alloys of iron-aluminium for different compositions as

~ calculated from the finear part of the magnetization versus field curves are given in

table-3.11

It is observed that the permeability decreases with - increasing ‘percentage of

aluminium. The minimum is for 14 atomic percent of aluminium which is .296

emu/oersted.

Permeability is determined by magnetostriction and magneto-crystalline anisotropy, both

of which decrease permeability with their increasing values. In the case of Fe-Al alloy
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magnetocrystalline anisotroﬁy decreases with increasing percentage of aluminium. It is
therefore, expected that permeability should increase with increasing lpercenta.ge of
aluminium. This was also reported by Nachman and Buehler3-7. However, we observed
an increase ol permeability with increasing percentage of alutninium. This is explained
as due to the contribution of increased magnetostriction with increasing percentage of
aluminium. This becomes important when the materials are subjected to internal
stresses. The speciménes when prepared in a high vacuum and without internal stress,
effect of magnetostriction can be avoided and anisotropy alone contributes to

penneability. The difference between our results and those of other mentioned above

can thus be explained.

Since our developed iron-aluminium alloy is intended to be used as magnetostrictive
material rather than as a magnetically soft materials, this stress induced magnetic

hardness is not much of an obstacle in the application of this alloy.

For power applications a magnetic material must be soft, with high induction value and
high fesistivity.AlUmuan silicon-iron is used as the most common soft magnetic material,
iron aluminium also has the same properties as those of silicon iron. However, it has
added advantage as also some disadvantages. The majore differences_ that are found
between low bercent aluminiuin iron alloys and equivalent percent of silicon iron alloys

are:

i. aluminium iron is more powerful deoxdizer than silicon.
il atuminiusm iron show improved ductility. It is thus possible to cold reduce

aliminium,-iron alloys containing up to 6% aluminium by as much as 90%.
Conunercial production of aluniinium iron alloys was limited in their early states of
development because of the relative high cost of aluminium and because of the greater

difficulty in preventing segregation of aluminium during melting process. However the
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cost picture has equalized in recent yeai' and with modern induction melting equipment
the segregation problem has practically been eliminated. The work of sugihara3-8 and
Helms3-9 illustrated that magnetic properties of isotropic alumninium iron alloys are
comparable to those of equivalent silicon iron alloys. |
Our measurenients of rﬁagnetization and magnetostriction were carried out on the as
prepared speciimens. However, the effect of annealing has very ilﬁpoﬂfult influence on
magnetization process and magnetostriction because of the high value of
magnetostriction of this alloy system. In order to use this alloy as a soft magnetic
naterial to replace iron silicon alloy, the specimens should be stressfree. Further work
on iron aluminium alloy system with higher ranée of composition and under relieved
strains by appropriate heat treatments in vacuum can be very useful for better
understanding of their magnetic characteristics. This will also require measurement at

high and at very low temperatures.

The measured results unvail the fact that domain wall movements and magnetization is
inhibited untill the field reaches the critical field Hg the field required to free the
domain walls from pinning centres. With this model it is predicted that H, - H,. The

results of Figure-3.11 shows that our values of H,, is affected by magnetostriction and

stress.
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CHAPTER-4

MEASUREMENT OF MAGNETOSTRICTION OF Fejpg.xAly
ALLOY,7D 27Dy 73Fez AND Ni:

4.1: Technique of Measurement of Magnetostriction:

The change in dimension of a magnetic material in an apphied field which we call
magnetostriction, is usually of the order of 10-3 to 10-6. The measurement of such a
small dimmenstonal change can be cbnveniently measured using an electrical resistance
strain g:;luges. The gauge is cemented on the specimen in a precisely determined
direction along which the measurement is reduired to be made. The use ;)f strain gauge
is based on the assumption that any strain characteristic of the specimen on which the
gauges is bonded, is transinitted faithfully to the electrically sensitive zone of the gauge

and is observed as a resistance change.

The experimental set up consists of a strain sensing device that is strain gauge, a dc.
bridge, d.c. amplifier, x-y recorder and a rotatable electromagnet. A rotatable
electromagnet is used to apply the magnetic field in the desired direction. The
component elements are arranged in the wheatstone bridge fashion. Asgard-1 measured

magnetostriction of some ferromagnetic and antiferromagnetic metals using the same

technique.
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4.2. The Wheatstone Bridge Principle:-

The use of wheatstone bridge is quite well known as a convenient method for measuring
fractional change in resistance. A dc. wheatstone bridge in slightly out of balance
condition is used to measure the fractional change in resistance in the active gauge. The

simple type of d.c.wheatstone bridge circuit is shown in figure-4.1.

<
I
)
+*D
o
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-0

0 11116 5%

._{M»......__/__...J

Fig. 4.1 D.C. Wheatstone Bridge circuit
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When the resistance of the active gauge is changed from 4 to A+dA a corresponding
out of balance voltage is developed aﬁross the input -of the d.c. amplifier. Then a
deflection is observed in the Nanovoltmeter which is connected to the wheatstone
bridge circuit. If the deflection of a nanovoltmeter is to be used as a easure of the

stram, it is necessary to calibrate the Nanovoltmeter.
4.3. Straingauge Bonding

The idea of bonding the resistance type strain gauge directly to the material was
conoewed at (,alifonna Institute of Technology in the application to a tensor impact
test, Rage at Massachuetts institute of Technology at about the same time conceived
the idia of bonding the wire to a paper and bonding the paper with a cotminon glue to the
material where the strain is to be measured. This bonded wire type of electrical
resistauce strain gauge consists of a grid of fine alloy wire bonded to a pﬁper base. In
using this gauge, it is cemented to the surface of the specimen. It is necessary to have
very fine scratchies on the gauges and specimen surface. The specimen surface is
naturally lefl with fine irregularities of six micron order which is the grain size of the

grains of polishing paste used m specimen polishing.

Now some epoxy glue is applied to the gauge surface and the gauge area of the
specimeis. Then the gauge is placed on the specimen surface and the small pressure is

af ~Yied for two days on the gauge and the system is allowed to dry at room

temperature.
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4.4, Straingauge Teclmique

The strain gauge technique is used in magnetostriction measurement. This method was
first developed by Goldman?-2. The gauges can be used on a very small disk shaped
specimen cut in a definite crystallograpic plane and the gauge can be bonded in a

precisely determined direction.

The strain gauge works on the principle that when a fine wire in the form of a grid or a
thin foil and embeded in a paper or epoxy film, is bonded finnly on a specimen using a
cefnent or some epoxy glue, it follows the strain of the specimen and shows a change in
resistance proportional to the strain. Mathematically this effect can be éxpresseq as

R g d
Where dR/R is the fractional change in resistance, G is the gahge factor and dl/l is the

strain along the gauge direction.

- The magnetic strain in the crystal is determined from the change in resistance of the
gauge fixed on the specimen in relation to the resistance of another dummy gauge
bonded on a reference specimen using a resistance 'bridgé in the out of balance

condition.

4.5. Orientation of the gauge position relative to the Magnetic Field

The magnetization increase with an increase of the field and finally reaches the
saturation magnetization which is normally denoted by Is. Similarly the strain due to
magnetotostriction changes with increase of magnetic field intensity as shown int Figure-
4.6, 4.12 & 4.14 and finally reachees the saturation value A, The reason is that the

crystal lattice inside each domain is spontaneously deformed in the direction of domain
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magnetization and its strain axis rotates with a rotation of the domainn magnetization,
thus resulting in a deformation of the specimen as a whole.

When the magnetic field is applied the magnetic domain wall movement starts. In the
initial state, if the magnetiic field / makes an angle ‘¥ with the easy axis, the
magnelization takes place by, the displacement of 180 domain wall untill the
magnetization reaches the value Ig cos‘F, during this process no magnetostriction is
observed. The entire magnetization takes place by the diplacement of the walls, among ‘
which only 90° walls are effective in' giving rise to the elongﬁtion. Thus the
magnetostriction depends on the case of displacement of 90° walls relative to that of
180° walls. This gives rise to magnetostriction that is changing lattice dimension. This
agnetostriction effect can be looked at as due to predominance of Lhe strain axes in
the direction of measurement. The variation of magnetostriction as a function of ahgular

position is shown in Figure-4.7-4.11 & 4.13 respectively.
4.6. Bridge circuit sensitivity and calibration

The circuit used for measurement of the fesistance change in the gauge is a de.
wheatstone bridge circuii as shown in figure-4.1. It included a reversing switch § to
ascertain to what extent, thermal e.m.f. in to the circuit are effecting the balance
condition of the bridge. The nanovoltmeter used was a Keithley modef 140 of gh
sensitivity and a period of 2.5 second. This low periodic time of the instrurnent enable
quick recording of out.put of balance deﬁections, thus minimising emrors due to drift
and fluctuation from thermat e.m.f's in the circuit. The bridge sensitivity changed
linearly with bridge cﬁneut. Bridge current are restricted to a maximum of 25 mA to
prevent over heating in the gauge circuit. In the figure 4.1 represent the active strain
gauge in contad with the specimen and D represent the dummy gauge in the same

enviroment as the active gauge. Any thermal fluctuations which
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- TABLE -4.1
VARIATION OF MAGNETIC FIELD WITH APPLIED ELECTRIC CURRENT
(CALIBRATION DATA OF THE ELECTRO-MAGNET)

FIELD CURRENT | FLUX METE METERR | AVERAGE MAGNETIC FIE
[ IN AMP. RREADING DEFLECTION | INGAUSS  “P
I(H) [(-) -

25 2 3 2.5 250
50 4 4.50 4.25 425,
75 6 6 6.00 600,
1.00 7 8 7.50 760
1.25 95 9.7 9.60 960
1.50 11 115 11.25 1125
1.75 13 13 13.00 1300
2.00 15 15 15.00 1500
2.25 17 17 17.00 1700
2.50 19 19 19.00 1900
2.75 21 21 21.00 2100
3.00 72 23 22.50 2250
3.25 245 25 24.75 2475
3.50 26 27 26.50 2650
3.75 28 29 28.50 2850
4.00 30.5 31 30.00 3075
425 32 33 32.50 3250
4.50 34 34.5 3425 3425
475 36 36.5 36.25 3625
5.00 38 38 38.00 3800
525 39. 40 39.50 3950
5.50 41 42 4150 4150
5.75 435 44 4375 4375
6.00 45 46 45.50 4550
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occured in gauge A also occureél in gauge D and since these are in opposing armns of .
the bridge, the net effect of the fluctuation should be zero. The D.C. bridge is
calibrated by changing the variable resistance in N arm of Figure 4.1 and the
coresponding Nanovoltmeter reading is obtained. Nanovoltmeter deflection Vs change

in resistance is ploted in Figure 4.2 and the relation is found to be linear.
4.7 Gauge Circuit:

The gauge circuit is cousist of an active gauge, a dummy gauge, a fixed resistance and
a variable resistance which are set in the four anms of d.c. wheatstone bridge in slightly
out of balance condition. When the resistance of the active gauge is chanéed from R to
R+AR, a corresponding out of balance voltage developed across the input of the dc.
amplifier. Then the deflection is obsgwed in the hanovoltmete'r which is connected to

the wheatstone bridge curcit input.

4.8 D.C. Amplifier:

Nanovoltmeter model-1404-3 is used for measufing the small out of balance de.
voltage. It acted as a potentiometric amplifier and had a sensitivity of 0.1 ¥ for full
scale deflection in the highest sensitivity range. A panel switch selector permitted the
meter sensitivity to be altered. Any a.c. signal superimposed on the d.c. voltage to bel
measured is almost entirely attenuated, the filtering factor being inversely proportional
to the frequency. We used an aditional filter circuit to get rid of any a.c. components of
very low frequency before the signal entered the recoder. The zero drift was less than

0.05 pv/hour. When all sources of thermo e.m.f. are reduced by using low thermal
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solders and protecting the metalic junctions from thenmal fluctuations. The input

resistance of the d.c. amplifier is about 1 megaohn in all ranges.

4.9 Sensilivity and Calibration of the D.C. Bridge:

The current flowing in d.c. bridge circuit is given in terms of the parameter of the d.c.

bridge shown in figure-4.1 is

— E . AA
Ig= (B+ D+ A+5P)(Z+ N+ 44+ 5]) *(xan) (f‘-l)
Thus

T M(B+Dr A BDYZ+ N+ A+ ED)

Equation-4.1 is an exacl algebric solutin for Ig, where the circuit on the right hand side
of pbints PQ has been treated as a current measuring device of input resistance Z. Since
the bridge is only slightly unbalanced XA A<<1 and the factor 1+KAd can be replaced
by unity. Also, since the input resistance of the measuring unit is of the order of one
megachm, we can put Z— o€ in equation-4.1 and obtain the expression for the

inaximum voltage sensitivity correspoding to B=0, close to the balance condition of the

_ bridge
Aley _ _ED
Ko = 2y @.3)

In our bridge D represents the resistance of the dumy gauge and A that of the active

gauge. Both have the same vahie of 120 ol in the unstrained condition. Thus the

fractional change in resistance can be wrilten as

(=2 | (4.4)
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Thus the out of balance voltage ZAlg measured, maintains a linear\relationship with 4
A/A, giving a conslant sensitivity. The deviation from linear relationship will only occur
“if the condition 7+KAd=1 does not hold. It can be shown that the fractional error
involved for this assurption is at most A4/4. In our measurement AR/R is never

exceeded 10-3 which corresponds to a fractional error of 0.1%.

The bridge is calibrated by changing the resistance paralle] to the 10 ohm resistance in
the arrns N of the bridge. The minimum voltage that could be measured without noise
and drift is of the order of 10-C corresponding to 1mm deflection in the nanovolineter.
The gauge factor of Wlie strain gauge is 2.09 and the voltage supplied to the bridge is
two volts. Thus the fnaximum strain sensitivity is of the order of 2.5x10°¢ from
equation-4.4. The sensitivity of the bridge could be increased further either by
increasing the curent in the circuit or by using higher gain in the amplifier. The upper
usuable ltnit is detennined by the inaximum allowable joule heating in the gauges and
the signal to noise ratio. For tinimizing the noise,all connection are made with co-axial

cables, so that all parts are well screened.

4.10. The choise of dummy Material.

It is essential to make the gauging circuit invariant in respect to active gauge. That is
why the dummy material require an identical and similar behaviour of the active gauge
for justitying the use of a compensating gauge for all strain measurements. The nearest
approach to this condition can be achieved by using two identical gauges with identical
strain and kept in the lsame' thermal conditions. we used fused silica glass as dummy
materials for its negligible thermal expansion -co-efficients. The other gauge is

connected to the material sample for which we desired to measure the magnetostriction.
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from the gauges are taken 8 mm

4.11 The Specimen Holder:

The specimen and the dummy must be placed in an identical thermal condition for
accurate measurement. Any difference in the thermal inviroment of the active and
dummy gauge effect the results drastically. To maintain an identical thermal inviroment
for the gauges, a cylindrical shaped specimen holder is made as shown in Figure-4.3
Imtially a copper rod of diameter 16 mm is taken in which two identical grooves of
thickness 7 min and width 10 mm are cut and partition by a thin section of width of 2
mm. This arrangement made it possible to keep the active and dummy specimen as
close as posible. A specimen and the dummy are fixed on the opposite face of a thin

partition which is in between the two cavity. Two identical strain gauge one on the face

of the active specimen other on the dummmy specimen are glued.Electrical connection

®
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Fig. 4.2 Specimen Holder
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out through the hole of 2 mm diameter made in the centre of the specimen holder. A
quariz glass tube of 8 mm diameter and 100 cm in length is taken. One end of this glass
tube glued Yvilh a copper strip. The specimen holder is then attached. to this slip with
screw. Electrical connection is taken out through the glass tube. A copper hollow tube
of 16 mm intemal diameter is used as a jacket to keep the active and the dumy at the
same tesnperature and to isolate thetn from thermal fluctuations. The arrangement is

found quite satisfactory for our experiment.

1

4.12 Specimen Mounting

Special care inust be taken before to mounting a ferromagnetic crystal to mmimise two

- opposing factors. The crystal must not be mechanically constrained by the specimen

holder so thatl the spotaneous distortion of the crystal due to temperature or magnetic
field can faithfully be transmitted to the strain gauge, espectally, when the crystal is

elastically soft but highly magnetic. The mechanical constraint may even cause

distortion of the symmetry of the crystal. From this consideration, therefore the

mounting has to be flexible. On the other hand, to avoid any rotation of the specimen
due to the torque produced Ly the magnetic anisotropy, the sample must be hold
sufficiently rigid. The best compromise is made by using a thin cork spacer between the

speciinen and the base of the specimen holder. The specimeﬁ is glued to the cbrk by

durofix and the cork in tum to the specimen holder. The mosaic pattemn of the cork

spacer alfows the specimen (o expand or contract quite freely but constrains it from
rotation due to Lody forces. Comparison of thermal expansion of a copper specimen

when fixed to a cork spacer and when free showed that the constraint due to the above

mentioned arrangement does not affect the results.
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-4.13 The Calibration of Electro Magnet

An electro-magnet type Varian is used for the production of magnetic field. When the
maxirmum current of 6 ampere d.c. is used with conical pole tips and a gap of 35 mm
the field produced at the centre of the pole pieces is 4.5 K Gauss. The magnet could be
rotated about a vertical axis through the centre of the pole gaps and could be locked in
any position. The angular position of the magnet could be read in degree from the scale
attached to the magnet and the calibrated circular scale fixed at the base. The field
versus current curve for the magnét, for the pole gap used, is calibrated using Norma
Electronic Flux meter. The obtained data is listed in table 4.1 and field versus current
curve is shown in Figure-4 4. A-very small hysteresis effect is obsérve;d for increasing
and decreasing currents. Using control knob of the d.c. source, the current could be

increased or decreased contineously to within 50 mA.
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Defiection in Nanovoltmeter
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4.14 Magilel'o Mechanical Coupling

The magueto mechmﬁcal'coupling factor X is the most important single parameter in
determiining the efficiency of conversion magnetic energy in to mechanical energy using
magretostrictive transducers. If we neglect loss and radiation, then for a magneto-
mechanical vibratior K is defined in such a way that K2 denotes the fraction of the
| magnetic energy which can be converted to elastic energy per cycle. K2 also denotes

the fraction of the stored elastic energy which can be converted to magnetic energy.

For a mnagneto mechanically driven system we can write.
(1 - K—Z .)Eelas. = KzEmag. (46)
Now representing components of strain by t, magnetic induction by B, stress by T and

magnetic field by H, we can write

t = 8HT + DH @

where S is compliance at constant field and D denotes coupling
Agamn |

B=DT+ uIH (4.8) '

where £ denotes pereability at constant strain.

Defining the permeability of constant strain & and the compliance at constant induction

SB, it follows that

W= 0 o (4.9)
and _
sH =~ Fr D; )st (4.10)

writing equation (4.5) in term of moduli C = 1/S, we get
cf = (1‘-—5—52;,)(35 | (4.11)
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The maximum fraction of magnetic energy which can be transformed is

T g2 (]
Vot B il ) (4.12)
ST i o

Sunilarlly the maximum fraction of clastic energy which can be transformed is

YRR e 2 - 4.13
TEAEA B Ak @13

From equalion (4.4) we find that the permeability is reduced from its intrinsic value #

whenever energy is Wansfered to the elastic system. Likewise the iutrinsic i.e.

uncoupled elastic stiffnessd CB is reduced to a lower value CB, where energy is

transferred  from elastic to magnetic system. From equation (4.12) the
magnetomechanical coupling X can be obtained by measuring the complex impedance

of a coil containing the magnétostrictive material.
4.15 Construction of a Solenoid

A solenoid has been designed and developed for measuring ﬂle coupling factors. A
glass rod of diameter 10 cm and length 31cm is taken. The wire wound on this glass rod
is a supperenamelled wire of 18 S W.G. 1t has 4.1 Ohin resistance per 1000 fl. Ilavihg a
cuirent. canying capacity 2.6 A. After the winding of 7500 tums, the outer diameter of
the glass rod became 40 cm. This was used for generating a varymg magnetic field and
the corresponding dynamic magnetostriétive strain was looked for using an
oscilloscope. However, the noise background was relatively high', lspecially for small

size of the specimens. The computation therefore, could not be performed

quantitatively
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" 4.16 Measurement of Magnetostriction

The magnetostriction of Nickel, Fe jgg.xdl, (x=2,8,10,12 and 14),

and 75 57Dy 73Fe) are measured by strain gauge iecllnique as a function of field. The
magtietostriction for different magnetic field 1s measured with a maximum field of 4550
gauss. The measurements are confined to room temperature. The variation of
magnetostriction for these specimen as a’ function of magnetic field direction is
presented in lFigure 4.5, 4.7, 48, 49, 411 and 4.13. These values of the
magnetostriction are calculated by using the relation,

A=fexdE 4.5)

Where sensilivity per Nanovoltmeter deflection dR/R = 2.5%x10-6 and G is the gauge

b

falctof which is 2.09 in our experiment. x :
By determining the difference in deflection in the Nanovoltmeter for magnetic fieid
along the length of the strain gauge cemented on the sp';:cimen and in the direction
perpendicular to the length of the strain gauge enable one to calculate A The values of
ma@etoslﬂction of Ni, Feggily, Fegydlg TFegpdljp FeggAlpy Fegpsdlpy and
Tb »7Dy 73Fes are listed i table-(3), (5), (7), (9), (11), (13) and (15) respectively.
The variation of magnetostriclion with applied magnetic field for these specimen is

shown in Figure 4.6, 4.12 and 4.14. The variation of magnetostriction as a function of

specific magnetization is shown in Figure 4.15.
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TABLE -4.2

VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR NICKEL
SENSITIVITY PER DEFLECTION AR/R=2.5x10-6
GAUGEF ACTOR G=12.09

FIELD | 425 | 800 1175 (1550 | 1875 | 2250 | 2650 | 3050 | 3400 | 3800 | 4125 | 4550
IN
QAUSS
CUR- | .5 1 LS |2 2.5 13 35 14 45 |5 55 |6
RENT | ,
0 0 0 0 0 0 0 0 0 0 0 0 0
10 2 1 46 +10 | +12 P 412 | 12 | 412 | H12 | 412 412 | 412 | 412
20 +5 | 18 13 | H16 | +16 | 416 | +16 | +16 | +16 | +16 | +16 | +16
30 16 HLO 18 | 418 | 418 | +18 | +18 | +18 | +18 | +18 | +18
40 +5 [ 49 14 | H17 | 417 | 417 | 417 | 17 | 417 | 417 | +17 | +17
50 +3 | 7 +12 | 415 | 415 | +15 | +15 | +15 | +15 | +15 | +15 | +15
60 +2 | +5 +8 | 411 [ +11 | 411 | K11 | L1 | H1D | BR[| 411 | +11
70 +1 | 43 4 [ +5 +3 [ 45 | 45 +5 |45 145 145 [ 45
80 0 0 0 0 0 0 0 0 ¢ 0 0 0
90 -1 -3 -7 -0 )1 -10 {-10 | -10  -10 | -10 | -10 10 10
100 -3 -7 ;12 (15 ) -15 | 15 | 15 [ -15 | -15 | -15 | -15 | -15
11¢ -5 -10 A7 1220 1220 | 20 |20 1220 | <20 20 [ <20 | -20
120 -7 1-13 20 | 23 1-23 |23 123 [ 23 123 | -23 | -23 | -23
130 -9 -15 22 | -26 | <26 | -26 | -26 | -26 | -26 | -26 | -26 | -26
140 -10 | -16 23 | -28 | -28 [ -28 | -28 }-28 | -28 | -28 | 28 | -28
150 9 14 21 | -2 | 24 | 24 |24 | 24 | 24 | 224 | 24 | 24
160 -7 -11 -17 | -20 220 | <20 | 20 420 | 220 { -20 | -20 | -20
170 -3 -5 -8 12 12 12 12 | -12 12 1 -12 | -12 | -12
180 0 0 0 0 0 0 0 0 0 0. 10 0
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| TABLE-4.3 |
VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR
NICKEL SENSITIVITY PER DEFLECTION AR/R=2.5%10-6
BRIDGE CURRENT-25 mA |
GAUGE FACTOR G=2.09

FIELD CURRENT | MAQNETIC DEFLECTION OF | AR/RxHANO MAGNETOSTRIC
IN AMP. FIELD I { HANO VOLTMETER 'T](SN =23
GAUSé VOLTMETER DEFLECTION R/R
0 0 0 0 o
0.5 425 16 40x106 12.76x10°6
I 800 26 65xt06 [ 20.73x10°6
s s 38 - 95x10-6 - | 30.30x106
2 1550 | 46 115106, | 36.68x10°6
25 1875 46 115%10-6 36.68xm‘“6
3 2250 46 115x10°6 36.68x10°0
3.5 2650 46 115x10°6 136.68x1076
4 2050 46 115x10-6 36.68x100
4.5 3400 46 115x10-6 36.68x10°6
5 3800 46 115x10-6 36.68%10°0
5.5 4125 46 115x10-6 36.68x1076
6 4550 46 115x1076 36.68>1076

21



TABLE - 4.4

VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR FeggAly
AT ROOM TEMPERATURE 7

SENSITIVITY PER DEF LECTION AR/R=25x 10-6

GAUGE FACTOR G=2.09

BRIDGE CURRENT 25 mA

FIELD IN|425 200 1175 (1550 1878 2250 2650 3050 | 3400 3200 4125 | 43550
QAUSS ‘
CURREN |05 1 1.5 2 25 3 3.5 4 4.5 5 55 6
AMP, : .
0 0 0] 0 0 0 0 0 0 0 0 0 0
10 +025{+5 {+1.5 i+25 [|+25 |+25 |[+25 |+25 |[+25 {+2.5 [+2.5 i+2.5
20 +0.5 |41.5 |+3 +4.5 [+4.5 |[+4.5 +4.5 (+4.5 (+4.5 +4.5 +4.5 | +4.5
30 +1 +25 |+4 +575 |+575 | +575 | +575 | +575|+5.75 [+575 | +5.75]+5.75
40 +1.5 |+35 [+5 +7.0 |+7.0 [+7.0 {+7.0 |+7.0 |+7.0 |[+7.0 [+7.0 {+7.0
50 +1.251+3 +4.7 |+65 (+65 [|+6.5 +6,5 [+65 [+6.5 +6.5 +6.5 {+6.5
5
60 +1 +2.5 {+4 +5.50 1 +550 | +5.50 | +5.5C [+5.50 | +5.50 {+5.50 | +5.50]+5.50
70 +05 [+1.8 |+3 +4.5 |+4.5 |+45 +4.5 (+4.5 [(+4.5 |+4.5 |+4.5 [(+4.5
80 +0.25| +1 +1.5 [+3 +3 +3 +3 |1 +3 +3 +3 13 +3
@0 0 0 0] 0 0] 0 0 0 0 0 0 0
100 -0.25 | -0.75] -1 -1.5 =1.5 -1.5 -1.5 -1.5 |-1.5 -1.5 -1.5 |-1.5
110 -0.50 | -1.25]-2 -3.5 -35 |[-35 -3.5 -3.5 [-35 -3.5 -3.5 1-3.5
120 -0.75 {-2 -3 -5 |-5 -5 -5 -5 -5 -5 -5 -5
(130 -lo (-25 |4 -6 -6 -6 -6 -6 -6 -6 -6 -6
140 -0.75 | -3 -45 |-6.5 -6.5 -6.5 -6.5 -65 |-65 -6.5 -6.5 {-6.5
150 -0.65[-25 |-4 -6 -6 -6 -6 -6 -6 -6 -6 -6
160 -0.50-1.9 |-3 -5 -5 -5 -5 -5 -5 -5 -5 -5
170 <0.25 | -1 -1.3 -3 -3 -3 -3 -3 -3 -3 -3 -3
180 0 0 0 0 4] 0 0 0 0 0 0 0]
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VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD) FOR FeggAln

. TABLE-4.5

AT ROOM TEMPERATURE _
SENSITIVITY PER DEFLECTION AR/R=2.5x10-6
BRIDGE CURRENT 25 mA
GAUGE FACTOR G=2.09

4350

FIELD CURRENT | MAQNETIC DEFLECTION OF MUR!HANG MAONETOSTRICTION
N AMP. FIELD IN { NANO VOLTMETER =230x ARJR
GAUSS VOLTMETER DEFLECTION
0 0 0 0 10
0.5 425 2.25 5.63x10-6 1.80x16—6
1 800 6.5 16.25x10-0 5.18x10-6
1.5 1175 9.5 23.75x10-6 7.58x10-6
2 1550 135 33.75x10-6 10.77><1(j~6
2.5 1875 13.5 33.75x10-6 10.77x10-6
3 2250 13.5 33.75x106 | 10.77x10-6
3.5 2650 13.5 33.75x10-6 16.77x10~6
14 3050 13.5 33.75%x10-6 10.77x10-6
4.5 3400 13.5 33.75x10-6 10.77x10-6
5 3800 13.5 33.75x106 [ 10.77x10-6
'5.5 4125 13.5 133.75x10-6 10.77x10-6
6 13:5 33.75x10-6 10.77x10-6
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TABLE-4.6

VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR FegpAlg
AT ROOM TEMPERATURE |

SENSITIVITY PER DEFLECTION AR/R =2.5x10-6

GAUGE FACTOR G =2.09

BRIDGE CURRENT 25 mA

FIELD |425 | 800 1175 |iss0 | 1875 - |z250 | 2650 (3050 |3400 {3300 |4125 [45%0
N
OAUSS
CURRET |05 [ 15 |2 25 3 15 |4 45 | 55 16
D AMP. :
0 0 0 0 0 0 ] 0 0 0 0 {0 0
10 +#.25 [+0.5 [+1 [+2 +3 +4 1+4 |+4 [+4 J+4 {44 |H4
20 +050 +2 +3 +4.5 |46 +8 +8 148 +8 +8 18 +8
30 +1 +3 +5 +7 +9 +12 {+12 [+12 |[+12 [+12 (+12 [ +12
40 12 +4 +7 +9 +11 +14 [+14 [+14 [+14 [+14 |+14 |+14
50 +] +3.9 +6.5 |+8.75 |+10.5 |[+13 [+13 |[+13 |+13 [+13 |+13 i+13
60 +0.5 +3.75 | +5 +7 +9 +12 [+12 {+12 [+12 |+12 |+12 [+12
T +(.25 | +2 +3 +5 +6.5 +8 +8 +8 +8 +8 +8 +8
80 0 +] +1.5 |43 +4 +5 +5 +5 +5 +5 +5 +5
90 0 0 0 0 [} 0 0 4] 0 0 0 0
100 0 -.5 -1 1.5 (-2 -3 -3 -3 3 -3 -3 -3
110 -0.25 -1 -2 -4 -5 6 -6 -6 -6 -6 -6 -6
120 1-0.5 -2 3 -5 -0 -9 -9 -9 -9 -9 -9 -9
130 -1.73 -3 -4.5 6 -7 -11 -11 |-11 {-11 -11 .11 j-11
140 -2 135 -5 -7 -8 -12 12 [-12 |-12 -12 12 1-12
150 -1.25 -3 45 |6 7.75 |-11 11 11 }-11 -11 11 §-11
160 -0.5 -2 -3 =4 -6.5 9 -9 -9 -9 -9 -9 -9
170 0 -1 -2 -3 -3.5 -5 -5 -5 -5 -5 -5 -5
1180 1y 0o {0 _Jo_TJo "To 1o Jo Jo_Jo Jo_ Jo
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VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR FegpAlg

TABLE-4.7

SENSITIVITY PER DEFLECTION AR/R=2 5x10-6
BRIDGE CURRENT 25 mA. |
GAUGE FACTOR G=2.09

FIELD CURRENT | MAGNETIC FIELD | DEFLECTION OF ARJRXNANO MAGNET(.)STRICTION
TH AMP. M GAUSS NAND VOLTMETER VOLTMETER =2/3Gx ARR |
DEFLECTION

0 0 0. 0 0

0.5 425 4 10x10-6 3.19%10-6

1 800 7.5 18x10-6 5.98x10-0
1.5 1175 12 30x10-6 9.57x10-0

2 1550 16 40x10-6 12.-76><1.0'6
2.5 1875 19 47.5x10-6 15.15%10-6
3 2250 26 65x10-6 20.73x10-6
3.5 2650 26 65x10-6 20.73x10-6
4 3050 26 65x10-6 20.73x10-0
4.5 3400 26 65x10-6 20.73x10-6 |
5 3800 26 65x10-6 20.73x10-6
5.5 4125 26 65x10-0 20.73x10-6
6 4550 26 65%10-6 | 20.73x10-6
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-TABLE-4.8 |
VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR
FegpAlj g AT ROOM TEMPERATURE
SENSITIVITY PER DEFLECTION AR/R = 2.5x10-0
GAUGE FACTOR G =2.09

BRIDGE CURRENT 25 inA
FIELD A25 200 75 1550 1875 2250 2650 3050 3400 3800 4150 | 4550
N
GAUSS .
CURRENT | .5 1 1.5 2 2.5 3 3.5 4 4.5 5 54 6
IH AMP.
0 0 0 0 ] 0 0 0 0 0 0 0 0
10 +0.5 | +1.5 | +25 | +4 +7 +10 +10 +19 +10 +10 +10 | +10
20 +1 +ﬁ +6.5 #9412 +16 +16 +16 +16 +16 +186 +16
30 +3 +6 +10 +14 +17 +20 | +20 +20 +20 +20 +20 +120
40 + 1S [ H17 A2t 4 [ 424 {424 | 424 24 | +24 |+
50 +35 [ 485 | +13 +167 | 4205 | +23.9 | +23.9 | +23.9 1 +230 [ 4239 | +239 | +23.9
60 +3 +7 +i0 +14 +17 | 429 #21 [.+2) +21 +2| +21 +321
78 +2 15 +7 +9 +12 +16 +16- +1'6 +16 +16 +16 | +16
30 +1 +3 +4 +5 +7 +1t +11 +1[ +11 +1t +11 +11
90 0 0 0 0 0 0 0 0 0 0 0 0
100 05 ! 1.5 2 3 5 -5 -5 -5 -5 -5 -5
1o 1 2 3.5 5 6 9 -9 -9 -9 -9 -9 .9
120 1.9 3 L 7 9 i -12 -12 -12 -2 -12 -12
130 -2 A 65 |9 -1l .14 -14 .14 .14 .14 -14 -14
110 2225 | A5 | 7 875 | 105 | <139 | 139 | 139 | 139 | 139 | -13.9 | .13.9
150 -2 4 6.5 o N .12 .12 -12. -12 .12 .12 .12
160 1 L5 | -3 -4.5 6 -9 -9 -9 -9 -9 9 -9
170 0.5 | 2 -1.5 3 -5 -5 -5 -5 -5 -5 -5
180 0 0 0 0 0 0 0 0 0 0 0 0
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VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR

FegpAljo

TABLE - 4.9

SENSITIVITY PER DEFLECTION AR/R = 2.5x10-6

BRIDGE CURRENT 25 mA.

GAUGE FACTOR G=12.09

4550 -

FIELD MAQNETIC DEFLECTION OF ARRXNANO | MAONETOSTRICTION
CURRENT IN | FIELD IN | NANO VOLTMETER =2130x AR/R
AMP. GAUSS VOLTMETER DEFLECTION

0 0 0 0 0

0.5 425 7 17.5x10-6 5.58x10-6
1 800 13 32.5x10-6 10.37x10-6
L.5 1175 20 50x10-6 15.95x10-6
2 1550 26 65x10-6 20.73x10-6
2.5 1875 32 80x10-6 25.52x10-6
3 2250 37.9 94.75x10-6 30.22x10-6
3.5 2650 37.9 94.75x10-6 30.22x10-6
4 3050 37.9 94.75x10-6 30.22x19-6
4.5 3400 37.9 94.75x10-6 30.22x10-6
5 3800 37.9 94.75x10-6 30.22x10-6
5.5 4125 37.9 94.75x10-6 30.22x10-6
G 37.9 | 94.75x10-6 30.22x10-6
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TABLE - 4.10

VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR FeggAl} 2 AT ROOM TEMPERATURE
SENSITIVITY PER DEFLECTION AR/R=2.5%10"%
GAUGE FACTOR G =2.0%

BRIDGE | 425 300 1175 1550 1875 2250 2650 3050 3400 3800 4125 4550
CURRENT ., ' .
25
mAFIEDD
IN GAUSS
CURRENT | 05 1 15 2 25 |3 15 4 45 5 55 6
IN AMP.
0 0 0 o 1o 0 0 0 0 0 0 0 0
10 1051 +1 143 | +4 | +8 | +12 | +12 | #12 | +#12 | +12 | +12 | +12
20 +25 | +5 | +7 +10 | +14 | 420 | +20} +20 | +20 | +20 | +20 { +20
30 +5 +8 | +11 | +16 | +20 | +26 { +26 | +26 | +26 | +26 | +26 | +26
40 +7 +11 0 +16 | +21 | +25 | +30 | 430 +30 | +30 [ +30 | +30 | +30
50 +6 JH10 ] +13 | +20 | +24. ] +29 | 429 | +29 | +29 | 429 | +29 | +29
5 .
£0 44 48 | #13 | +16 | +21 | 426 | +26 | +26 | 426 | +26° | +26 | +26
70 +3 +5 | +% +11 P +16 | +20 | +20 | 420 { +20 | +20 | +20 | 420
80 +1 +2 | +4 +5 48 +i2 [ +H12 ) +12 ] +12 | 412 | H12 | A2
ap 0 0 0 0 0 0 0 0 0 0 0 0
100 05 | -1 25 | -4 -6 -8 -8 -8 -B -8 -8 B
110 ) -3 -5 -7 -10 12§12 | -12 {12 p-12 | -12 | -12
120 -25 | -5 R -11 | -14 218 | <18 { -18 | -18 | -18 | -18 | -I8
120 -3 7 -11 -15 | -18 22 122 (<22 | -22 |22 | 22 | -22
140 22 |6 |10 |- 17 |21 {2t |21 [21 |21 |21 |21
- 14.5
150 -2 -5 -B 12 |12 16 |16 | <19 {19 119 § -19 [ -19
160 -19 | -3 -6 -8 <12 A4 |14 {14 |14 |14 |4 | 14
170 0% | -1 -3 -4 -7 -9 -9 -9 -9 -9 -9 -9
180 0 0 o |0 o |o 0 0 0 0 0 0
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TABLE-4.11
VARIATION OF MAGNETQSTRICTION WITH MAGNETIC FIED FOR
FeggAl]2 SENSITIVITY PER DEFLECTION AR/R=2.5x10-0
GAUGE FACTOR G=2.09 | ‘
BRIDGE CURRENT 25 mA

FIELD MAQNETIC DEFLECTION OF AR/R*NANC MAGﬁETOSTR!CTION
CURRENT IH FlEL;D IN | NANO VOLTMETER =230 4RIR
AMP. GAUSS VOLTMETER DEFLECTION

0 0 0 0 0

0.5 425 10 25x10-6 7.98x10-6

1 800 18 45x10-6 14.36x10-6
1.5 1175 27 67.5x10°6 21.53x10-6
2 1550 36 90x10-6 28.71x10-6
2.5 1875 43 107.5x10-6 34.29x10-6
3 2250 52 130x10-6 41.47x10-6 |
3.5 12650 52 130x10-6 41.47x10-6
4 3050 52 130x10-6 41.47x10-6
4.5 3400 52 130x10-6 41.47x10-6
5 | 3800 52 130x10-6 41.47x10-6
5.5 4125 si 130x10-6 41.47x10-6
6 4550 52 | 130510-6 41_47x1‘0—6
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TABLE-4.12

VARIATION OF MAGNETOSTRICTION WITH FIELD FOR FeggAljg AT
ROOM TEMPERATURE

SENSITIVITY PER DEFLECTION AR/R =2.5x10-6

GAUGE FACTOR G = 2.09
BRIDGE CURRENT 25 mA

FIELD 1IN | 425 ROD 1nrs | asso | 187s | 220 | 2650 | 3050 | 3400 | 300 | at2s | 45%0
GAUSS 7
" CURRENT | 05 1 15 2 25 3 35 4 45 5 ss- |6
N AMP.

0 0 0 0 0 0 0 0 0 0 0 0 D
10 10.5 + ) 13 + 16 16 + + +6 16
b 42 + + * +2 Hz | M2 | +2 |2 +H2 | H2
30 £225 145 +7 +#0 | H2 HEg [+ [ Hr [ Hg | ws HE | H8
40 +2 4625 | +0 +Ha | 48 22 (2 [+ |2 |2 22 | 22
0 14 +7 412 +H6 | +20 29 |24 |44 J424 | 424 24 | 124
60 +2 +59  { +i0 Ha | H8 +22 22 |42 |2 |42 22 | 2
70 4225 | ™ 7. | +13 He [ +6 | +6 | s | +6 Hé | +16
20 + ” +4 +5 +7 18 8 {48 +§ R 18 18
50 0 0 D 0 0 0 D 0 0 0 0 0
100 05 1 15 2 3 4 4 4 4 4 4 A
1o 1 2 35 3 7 10 10 10 10 10 A0 10
120 2 3 5 3 1 14 14 14 14 14 14 14
130 3 4 $ 10 14 18 A8 18 18 18 18 18
140 275|375 | 55 9 13 479 | 479 | aze §oars [ 479 | 479 | 478
150 225 35 5 1 16 46 16 16 16 16 16 16
160 15 25 K 3 2 12 12 12 A2 12 12 12
170 05 1 175 | 3 4 £ 8 |8 K 8 K 2
180 0 0 0 0 0 0 0 0 0 0 0 0
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TABLE-4.13
VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR

SENSITIVITY PER DEFLECTION AR/R=2.5x10-6

BRIDGE CURRENT 25 mA

GAUGE FACTOR G=2.09

FIELD CURRENT | MAGHETIC DEFLECTION OF AR/RxNANO | MAOGNETOSTRICTION
TH AMP. FIELD IM | NAHD VOLTMETER | | =w30x AR
QAUSS VOLTMETER DEFLECTION

0 0 0 0 0

105 425 6 _17><10-6 4.79x10-6
1 800 12 32.5x10-0 10.37x16~6
1‘.5 1175 20 50x10-6 15.95x10-6
2 1550 26 65x10-6 20.74%10-6
2.5 1875 34 85x10-0 27.16x10-6
3 2250 42 105x10-6 33.49x10-0
3.5 2650 42 105x10-6 | 33.49x10°6
4 | 3050 42 105x10-6 33.49x10-6
4.5 3400 42 105x10-6 33.49x10-6
5 3800 42 105x10-6 33.49x) 0-6
5.5 4125 42 105x10-6 | 33.49x10-6
6 4550 42 105%10-6 33.49x10-6
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TABLE-4.14 | .

VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR
Tb.27Dy.73Fey AT ROOM TEMPERATURE
SENSITIVITY PER DEFLECTION AR/R =2.5x10-6
GAUGE FACTOR G = 2.09
BRIDGE CURRENT 25 mA

FIELD ™ ( 424 200 1175 1350 1875 2250 2650 3050 <3400 R00 4125 4550
GAUSS
CURRENT 5 1 15 2 25 3 35 4 45 ] 55 5
N AMP.
0 0 0 0 0 o 0 0 2 ] b} 0 0
10 +39 +100 +250 +300 +a0 +700 +200 +2100 w2000 | <2000 | <2100 |} +2100
I
20 +100 +250 +500 +760 +1200 +1500 | +2300 +2900 +2000 | +2000 | +2900 * +2900
! +175 +500 +1008 | +1300 +1900 +2200 | +2800 +3200 43200 | 43200 | 43200 | +3200
R +200 +200 +500 +1300 +1800 42400 | 42150 +3000 +3300 | +3300 | 43307 +3300
4
50 +175 +500 +1200 | 700 42300 | +2700 | +2080 +3200 +3200 | 43200 | #3200 ||+3200
0 +100 +00 +950 +1300 +190D +2200 | +2800 +3000 +3000 | 43000 | 43000 | {43000
0 +15 +300 +700 1800 +1100 +i500 ] +2200 +2800 +2800 | 42800 | 42800 ] +2800
RO +20 +1T5 +300 +) +500 +600 +1000 +2000 +2000 +2000 +2000 [+2000
og 0 o 0 0 0 0 0 ¢ 0 o o To
100 20 -100 175 200 00 -500 -200 1400 -1400 -1400 1400 _I.Mm
IS -50 -200 -300 -500 -100 -1100 -£500 -2200 -2200 -2200 2200 %2200
120 -100 300 -500 -700 oo -1500 - 2000 -2600 -2600 -2600 2600 Lm0
130 -150 -315 -100 -1000 -1500 -1900 -2300 -2700 -2700 -2700 2700 -2700
140 -175 -400 -800 -1300 -1%00 -2000 -2500 -2800 -2800 2800 2800 -2800
150 -1070 -300 -100 -500 -1300 -1700 -2200 -2760 -2700 -2700 2700 2700
160 75 200 -400 -600 -800 -1100 -1600 -2400 -2400 -2400 2400 -2400
I
170 -50 -100 -175 -200 1S 500 -200 -1800 -1800 - 1RO 1800 1800
: ) |
180 0 o 0 0 0 o 0 0 0 o 0 ]
:
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VARIATION OF MAGNETOSTRICTION WITH MAGNETIC FIELD FOR

TbL 27Dy 73Fe2

TABLE-4.15

SENSITIVITY PER DEFLECTION AR/R=2.5x10-0

GAUGE FACTOR G = 2.09
BRIDGE CURRENT 25 mA

MAGNETIC

FIELD CURRENT DEFLECTION AR/RxHANO | MAGNETOSTRICTION
IN AMP. FIELD IN | OF NANO | VOLTMETER =2/30x ﬁR!ﬁ

| QAUSS VOLTMETER | DEFLECTION
0 0 0o 0 0
0.5 425 375 937x10-3 1 0.299x10-3
1 800 1000 2.5x10-3 0.798x103
1.5 1175', 2200 5.5x10-3 1.75%10-3
2 1550 3100 7.75x10-3 [ 247x10-3 -
2.5 1875 4200 10.5x10-3 | 3.35x10-3
3 2250 4750 11.8x10-3 | 3.78x10-3
3.5 2650 | 5500 13.75x10-3 | 4.39x10-3
4 3050 6100 15.25x10-3 | 4.86x10-3 |
4.5 3400 6100 15.25x10-3 | 4.86x10-3
5 3800 G100 15.25x10-3 4.86x10-3
5.5 4125 6100 15.25x10-3 | 4.86x10-3
6 6100 15.25x10-3 | 4.86x10-3
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4.17 Results and Discussion

Magnetostriction as a function of field and saturation magnetostriction Ag for different
compositions of iron aluminium i.e. Fajpg.xAl, (wshere x = 2, 8 10, 12, and 14) and
T p7Dy 73Fe) alloys and also of nickel as standered material are measured. The

measurenents are done by staingauge technique at rooin temperature and under varying

fields which have the maximuin value of 4.5 K. Gauss. The magnetostriction of
polycrystalline nickel is measured for comparison and calibration of our measuring

systeni.

The magnetostriction of Ni, Fe jpg.x,Aly and 76 27Dy 73Fe) as measured under varying

fields are shown in Figures 4.6, 4.12 and 4.14 respectively. The variation of

imagnetostriction as a function of specific magnetization is shown in Figure -4.15.

4.17.1. Nickel

The variation of magnetostriction of Nickel with field for different angular position has
been measured at room lemperature and is given in table-4.2 and the variation . of

magnetostriction with the angular position of the magnetic field is shown in F iglire-4.5.

The saturation field for magnetostriction in Nickel is observed to be 1550 oersted at
room temperature. This value of the magnetic field needed for the saturation
magﬁetosu-iction in Ni determines the operating field for using Nickel as a
magnetostrictive transducer. This experiment was done to check our measurement

systern and for standerizing the instrumental set up.
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Nickel has fc.c. structure over the whole ternperature range with a curie point of 358°C
(631 K). The spontaneous magnelization ogg =57.5 emu/gm corresponds to a magneton
number of ¢.606 up per atom spins 0.606 (2/g)=0.55 i,e in the 34 band 5 spins up, 4.45
spin down and @55 conduction electron to.give the total of g electronls, where g=2.185.
The magnelostriction is thus associated with 0.55 electron holes in the d band and
contrbutes (o the elongation of the specitnen under the influence of (he applied magrletic
field. Above the curie point the susceptibility follows a curie-weiss law up to 900°
‘with ¢=0.00548 per gm (0.322 per g atom) Qp=377‘c at’ higher ¢=0.00685 per gm
(0.402 per gm atom) with Qp=265°C.

The variation of magnetostriction with magnetic field at room temperature arises due to
spinorbit interaction. Each individual spin possesses a temperature independent
anisotropy energy and thermal variations of macroscopic anisotropy energy arise from an
average over the directions of spins. The magnitude of magretostriction which is
predicted in this niodel is guided by the ratio of the anisotropy energy to the molecular
field. The larger part of anisotropic magnetostriction is not due to the spin contribution
to magnetostriction but te the orbital one. In the approach to saturation in pelycrystalline
materials there is always a stress dependent term e=2c44/(c} j-c12) which give rise to

non vanishing contribution to magnetostriction.

Tﬁtsumoto_, Okamoto, Iwata and Kadenad-4 calculated the value of magnetostriction of
" Nickel at 0°K and 20°K. These are given as 4;pp=-55x 10-6 and A111=-28%x100at 0 k
and A709g=-56x 1076 and A1;;=-23%10-6 at 20°K and the saturation rilagnet(;slriction A
s=-36x 10-0. Fletcher calculated the same parameters at 0° k and his values are Ajp0—-
46.7% 1070 and A;77=-11.1x10"6 Asgard-5 caloulated the value of magnelostriction of
single crystal of Nickel and the results are -}v! 100=-66.5%x10"6 and A 711=-35%1076- 1n
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our experiment the result oblained for saturation magnetostriction of polycrystalline

Nickel is A; = 36.68x 100,
4.17.2 FepgpxAly Alloys

After we obtained results for Nickel with our experimental set-up which showed a good
agreement with established values, we measured the magnetostriction of Fe ]do_.ﬁ’x
alloy system. The obtained values are given in tables-4.2-4.15. The results are shown in
Figure-4.5 and 4.14 respectively. The magnetostriction as a function of the specific
magnetization is shown in Figure-4.15.

The field dependence of magnetization and magnetostriction for Fe-Al alloy of defferent

compositions shown in Figure 3.11 and 4.12 indicate the saturation fields for different

compositions,

Saturation magnetization of different alloys are ploted in F igure- 3.I1. The
magnetostriction value increases with increas'?ing amount of aluminium and become
mﬁximum at -12 atimic percent of Al This maximum value Ag is 41.47x10-6 which is
more than four times the magnetostriction of pure Fe and of the same order of magnitude
as the magnetostriction of Nickel but of opposite sign. Iron-Alminium is thus a good

material for making magnetostrictive transducer and can replace Nickel for its lower

cost.

Increasing value of magnetostriction of Iron-Aluminium alloy with the addition of
aluminium is explained as due lo increased spin orbit interaction. The decrease of

magnetosiriction above 12 atomic percent of Al is explained as due to decreasing value

of magnetic moinent.
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From the magnetization versus field and magnetostriction versus field measurements, we
have pioted magnetostriction against magnetization for different composition and is
shown in Figure-4.15. This result is very important in providing infonmation regarding

the tnagnetization process due to domain wall movements.

lt' is observed that, initially the tnagnetostriction increases with magnetization‘mﬂler
stowly for all the compositions. 'T'lis is explained as due to 180° domain wall motions in
the initial stage with little 90° domain wall movements or rotations. Since 180° domain
wall motions do not involve the rotation of strain axes, initial magnetization process
takes place without increasing magnetostriction significantly. For magnetization above
the 170 emu/gm, the rotational process of 90° dormmains becomes sharp. This

magnetization value correspond to magnetic field of 260 oersted.

For iron aluminium allbys, 3d orbital moment is quenched and the magnetic anisotropy
and ordinary magnetostriction arise from spin orbit coupling essentially as a perturbation
cffect. Due to the small spin orbit coupling and for low anisotropic localized nature of
3d eleclronic'charge distribution, the Fe 100-2AL, alloys show high magnetostriétive
strain which are found in our experiment for 2 atomic percent of Al m iron mnd is
10.77x1 0-6 . This value is found to increase with the increasing aluminium content up
to 72 atomic percent. The maximum value iﬁ 41.47x10-6- For further increase of
aluminium to 14 atoniic percent, the value slightly falls to 33.49x 10-0. Therefore it is
evident that for alloys above 12 atomic percent of Al, the magnetostriction decreases

with increasing A/ content due to decreasing value of the corresponding magnetization.

Although the magnetostriction for 8 and 10 atomic percent’ of A/ in iron rises to
20.73x10°6 and, 30.22%10°6 respectively,the alloys show a high resistivity and is

suitable for induction purposes provided the strans can be kept low. It is observed in
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our experiment that for Fe;pp A1, alloy system, the magnetostrictive strain is produced
when the direction of magnetization is changed and it is usually of the order of 10-C.
This means that the amonnt of reorientation of eletron clould is dependent on the content
of aluminium and changes the value of magnetostriction. For Fe 100-xA; alloys crystal
field and excliange interaction have been considered as the main contributors to the free

energy in order to explain the magnetostrictive behaviour.
4.17.3 1b 27Dy 73Fes Alloy

The exceptional magneto-elastic properties of rare earth iron 1b 37Dy 73Fe> compound
offer a great potential for a variety of 'applications. Different iechniqlles for the
characterisation of their magnetostriction and magneto-elastic performarnce have been
developed which provide consistant data. Magnetic properties of rare earth element
| Tb 27Dy 73Fey arises mainly due to the unfilled 4f shell which widely differ in
impertant respects from the magnetic transition metals, whose magnetizatidn originates
frmﬁ the 3d electrons. The 4f electrons tend to be localized deep inside the atom and is
thus well shielded from direct interactions with 4f electrons on other atomic sites. It also _
has very uch stronger spin orbit coup'ling than the transition metal elements.
Magnetostriction for the alloys is found to occur due to these properﬁes where total
angular hmméntum J=L+5 is usually a good quantum number. The interaction between
the 4f magnetic electrons and the environment out-side the atomn is mostly indirect and
takes ['Jlac_e via the various conduction electrons. Althrough the 4f coupling with lattice
is mdirect, it is not generally weak. As a general rule the 34 wave function are much
more extended than the 4f electron wave functions and can exhibit direct overlap
between wave functions on neighboring sites. The large spin orbit coupling and highly

anisotropic localized nature of the 4[ electronic charge distribution for non-s-state rare
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earth elements, therefore, routinely result in large magnetic anisotropies as well as large

magnelostrictive strait at saturation.

- The variation of magnetostriction as a function of field is measured and the result {s
listed in Table-4.14. The variation of magnetostriction as a function of anguiar position
is show in Figure-4.13 and the variation of magnetostriction as a function of field is

shown in Figure-4.14.

In our experitment the variation of magetostnctlon with field is found to be 4.86x 1073 for
Tb 370y 73%%e) al room temperature Rare earth 76 7Dy 73Fer alloy is .an exceptional
alloy as it is fen‘o—magnehc at a temperature above the room temperature and its orbital
moments are not quenched i.e. the spin orbit coupling is strong. Moreover, the electron
clould about each nucteus is decidedly non spherical as a result when applied field
rotates the spin, the orbit rotates too and considerable distortion results. The rare earth
iron laves phase compound 1b 37Dy 73Fey displays a spin-reorientation at room
temperature . ‘The behaviour of the elastic moduli at room temperafure suggest a first
order phase change and it increases significantly with applied magnetic field. Savage and
Abbundi4-6, Legvold, Alstad and Rhyne4.7, Greenough and Schulze4-8 investigated the
properties of magnetostrictive rare earth iron compounds. Data for K33 is largely
dependent upon the geometry of the sample and the magnitude of the coupling
coefficient. 70 has a helical spin structure similar to that in Dy, "however, the
antiferromagnetic interaction is much weaker in 76 and a very small applied field will
remove the helical state and produce ferromagnetic ordering along the field direction.
This change in dimension is presumed to arise in the magnetostriction process as a result
of donain rotation in which the magnetic moment must cross the hard magnetic direction
~giving rise to the strains observed at a field above technical saturation at room

temperature.
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4.18 Couclusion

For power applications a magnetic materials must be soft with high induction value and
resistivity. Although silicon iron is used as the most common soft magnetic material,
iron aluminiun also have the same properties in many ways. It has the adﬂed advantage
and also some disadvantages. The major differences found between low percontage

aluminium iron altoys and equivalent percentage of silicon iron alloys are
i Aluminium iron is more powerful de-oxidizer than silicon.

i Aluminium won improves ductility. It is thus possible to cold roll
aluminiusi jron

alloys containing upto 6% aluminium by as much as 90%.

Cominercial production of aluminium iron allojs can be limited in their early states of
development because of the relatively high cost of aluminium versus silicon and
because of the greater difficulty in preventing segregation of aluminium during melting
process. However, the cost picture has equalized in recent years and with modem
induction melting equipment the segregation problem has practically been eliminated.
The work of Sugihara?-9 and Helms#-10 illustrated that magneticr properties of isotropic

aluminium iren alloys are comparabie to those of equivalent silicon iron alloys.

Our measurements of magnetization and magnetostriction were carried out on the as
prepared speciinens. However, the effect of annealing has very impoﬂ:ﬁnl influence on
magnetization process and magnetostriction because of the high value of
| magnetostriction of those alloy system. In order to use this materials as a soft magnetic
inaterials to replace iron silicon alloy, the spebimens should be stress free. Further work
ot iron aluminivm alloy system with higher rénge of comﬁosition and under relieved
strains by appropriate heat (reatinents in vacuum can be very useful for better
understanding of the magnetic characteristics of these materials. T‘his will also require

measurements at high and at very low temperatures.

-
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