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ABSTRACT

As a part of Invar problemi magnetization.magnetosiriction and thermal
expansion of Fe-Ni allovs have been nwcasurcd. Fe-Ni allovs of the
composition FepgoNix { where x = 30. 35, 40, 45. 50 and 78) arc
preparcd by powder technique, using induction furnace. It ts thus possible 10
prepare the alloys with a sintcring temperature below the melting peints of
the constitutent etement. The sintered satnples are annealed in a furnace at a
temperature of 1000°C for 15 hours. X-ray photographs are alse used [or the
characterisation of the alloys. I'rom the microstruciures of the allovs. their
homogencity and grain boundaries are examied.

Field and composilion dependence of magnctization of the alloy system arc
measured using a vibrating sample magnetomcter. Linear increase of the
saturation magnctizalion is observed with increasing iron concentration upto
65 at% of iron. This result 1s explained by using localized model. The
saluration magnetization, however, is observed to decrease abrupily. around
70 at% ol Fe, which is explained by assuming antiferromagnetic coupling
between iron atoms, although the exchange interaclion between iron and
nickel aloms and between nickel atoms remain positive,

The saturation magnetostriction as weil as the field dependence of
magnetostriction of the different alloy compositions are tneasurcd and the
results are explained in terms of 1the conventional theories of
magnetostriction. A relation between magnctization and magnelostriction is
.oblained from the experimentat results and is cxplamed n terms of 180°
domain wall movement and 90° domain rolation.,

Thermal expansion of FeggNigg alloy 1s measured wsing strain gauge
technique. The slight anomally observed around 250°K is explained as due
to unequal coniributions from thermal cxpansion and volume
magnetostriction at this composition.
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CHAPTER 1 INTRODUCTION

Fe-Mi alloy system is one of the most studied magnetic éHDys. This iz partly due
to its numerous applications and partly due to complax and interesting magnetic
properties. The measurement of magnetization and the study of its variation with
maanetic field are important for the understanding and characterization of Fea—Ni

alioys,

'n Fe—Mi allgvs, since the component metalslhave op;:uosite magnetostriction, it is
expacted that an appropriate composition will give rise to the desired result of
Zero magnetostriction and low thermal expansion. Some work on ancmalows thermal
expansion of some Fe-Ni alloys have already been investigated and the lattice

contribution to therma!l expansion has been calculated.

There i an enormouws interest n materials with zerc thermal expansion and high
magnetic permeability due to their technological importance. Ch. E. Guillaume[2]
found, in 1837, that ferromagnetic foc FeNi alioys at concentrations arcund FegNisx
show almost constant invariant thermal expansion as a function of temperature
in a wide range around room temperature. This was tarmed as invar effect. The
ariginal work by Guillaume was the basis for wide spread experimental and
theoretical activities in the 19808 and 195[)9: espacially in Japan[24-34] and

Eurcpe[d4-23], and with increasing understanding of Solid State Magnetism, the

number of publications about Invar and invar-related topics increased



dramatically. The reason for this increase was two—fold. First, the observation of
invar Ianomaﬁes extended beyond to ferromagnetic foe FeNi alloys and |nvar
anomalies are ohserved in ferromagnetic as well as antiferromagnetic binary,
ternary alloys systems. The lattice structure is of ho influence, and Invar
systems can have fcc, beg, hexagonal and cthér‘ structures or even be amorphous,
Moreaver, Invar anomalies are observed in rare garth transition metal mﬁpounds
with Lavesphase structure. The key point is that the systems are rich in at |east
one 2d-transition element. There are no pursly 47 Invar alloys or compounids.
This shows that the Invar effect is obviously a problem of itinerant 3d-

maghnetism.

Semr\-dly, although the name Invar resulted from the anomaly in the thermal
exparsion, a broad variety of physical anomalies now have been known to he
associated with Invar problem. The main physical properties in which Invar
anomalies are observed, as a function of composition and variable external
parameters like temperature, maghetic field and pressure are therma! expansion,
lattice constant, spontaneous volume magnetostriction, heat capacity, magnetization
and pressure. Recent updating oh the physical understanding of Invar have been
reported by Wassermann(1987, 1388, 1968){38,39,40] and in the proceedings of the
International symposium on  Magneto—elasticity arnd  Electranic Structurs of
‘Transition Metals, Alloys angd Films, which tock place in spring 1989 in Duishbursg,

FRE.

¢

Although the term Invar initially stood for alloys showing minimum thermal

expansion coefficients  associated with  maximum  spontanecus vol Ltme



magnetostriction 1h certain ranges of composition and temperatures, the term
Invar is now extendad in its meaning to include many more observed anomalies.|t
iz tharefore, suggested that a more general headline, summarizing atl the features

would be momant—volume instabitities in 3d-transition element rich system.

11 order to understand the Invar effect 1n 2d=transition metal alloys, there have
been two different basic approaches. One is based on the localized electron
picture (Heisenberg model)[20,52] in which each atom has its own permanent and
temperaturs independent moment and are considered localised at the respective
atomic sites. The other 15 based on the itinerant picture of magnetiem (Stoner
model)[22] where the maghetic electrons are treated as waves belonging to the
whole crystal, to explain the compositicn depandence of the average moment
(Slater-Pauling curve)[43,44). This has the drawback that the band splitting
vanishes at T, which is, as we have seen, not the case in Invar. The early local
models stressed the metallurgical and/or magnetic inhomogeneity as  Invar
relevance, since in the archetypical invar system FeNi the magnetovolume effects
reach a maximum near the y-a transition at FegNiyg, where simultanecusly a strong
devigtion of the average magnetic moment from the Slater-Fauling curve was
observed. By now more than 20 different models for the understanding of the
Inwvar affect has bean published, The most important ones are 'model of latent
antiferromagnetism’ (Kondorsky and Sadov 19680, Jo 1978) [8,31], the ‘local models
with different short-range order (Sidorov and Doroshenke 1966, Dubinin et at.
1971}[7,20] the ‘local environment models’ {Schloéser‘ 1971, Kanamori 1974} [35,51],
the ‘inhomogenegity models’ (Kachi and Asanc 1869 Shimizu 1279} [23,50] as weli

as "Zener-typs model’ (Colling and Car 1370) [4]. However, with the detection of
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the Invar effect on ordered Fe,Pt, a sysiem which neither shows mixed magnetic
behaviour norF deviation of the average moment from the Stater-Pauling curve,
a|| these models come principally in to doubt [41}. This only proves that more of
experimental investigation is needed to come o a fuller understanding of the

problem. The present work is expected to contribute in this respect.

The major fields for technical applications of these type of bi-metals, are Wwires
for printers and x-y recorders, liquid natural gas (LNG} tanks and pipelines,
precision machine tcols, precision pendulums, precisien rapacitors, precisioh
moulds, transistor bases, lead frames for integrated circuits, membranes, springs,
glass {ceramic)-metal seals, pressure gauge, thermostats, bending meters, gravity
meters, flow meters, astronomical telescopes, seismographic devices, microwave

guides, resonant cavities, laser light sources, radar echo boxes,

Although some materials with very low thermal expansion and high permeability
are available sommercially, their composition and the preparation technigques are
usually not disclosed. There is also a great interest for understanding the

mechanism responsible for thess unusual properties.

The temperature dependence of the anharmonicity of the lattice wibration
determining thermal expansion and the magneto—elastic interaztion responsible for
magnetostriction have a critical balance in some magnetic alloys over a
temperature range. The understanding of this mechanrsm is essential in fimding

alloys with special properties like high permeakility and zero thermal expansion,

o



The aim of this thasis is the preparation of iron-nickel alioys of different
composition and the investigation of the magnetization, magnetostriction and

thermal expansion of this ferromagnetically ordered ahlioy system,

The field required to magnetize ferromagnetitc substances are considerably weaker
than those regquirad for paramagretics. The atomic maghetic mements in a
ferromagnetic substance interact strongly with one ancther and tend to align
themselves parallel to each other, The interaction 15 such as to corvespond to an
applied field of the arder of magnetude 10 Afm and it results in a nearly perfect
aligrment of the spins inspite of the thermal agitation at room temperature. The
presence of a strong internal magnetic field was first postulated by P.Weiss[458].
He called it the moleculatr field and developed a theory of the temperature
dependence of the saturation magretization, which 15 described in chapter (2.1).
The phyeical crigin of the moiecular field was not understand unti! 1928, when
Heizenberg showed that it was caused by quantum—mechanical exch_ange forces.
The atomic momants of the magretic materials originates from the orbital motion
‘:'ua.ﬂd the spin motion of the electrons of the unfilled 3d atomic shells, The
magnitude of the moment depends on the coupling of the arkbital & spin anguler

tomantum.

The physical origin of magnetestriction and magnetoslastic co-efficients s

explained from phenomenalogical and thermodynamic cansideration.
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Magnetostriction originates in the interaction between the atomic magnetic
moments and is closely related to magnetic anisctropy and plays an impertant role
in the understanding of ferromagnetic and antiferromagnetic phenomana tike
magnetization processi42]. The theoretical understanding of the magnetostriction
is described in chapter (2.3). Studies of magnetostriction also have technalogical
utility in the production of electromechanical transducers, magnetostrictive
asciltators and filters and in removing transformer noises caused by

magnetostrictive vibrations of the core.

The preparation technigue of Fe-Ni alioys from powder technolegy, sintering
process and study of metallography are described in chapter (3). Iron and Nickel
. . AMe .
powder in appropriate atomic percentage ae-mixed with morter and pestie for
each composition. This mixed powder sample is pressed info the requirad form in
. . F"‘*hé«;ﬂpn . . . .
a die using a perssing fachine, The pressed sample 1s sintered in a furnace. The
sintering process is usually carried out at a temperature below the highest
melting points of the constituents, The X-ray photographs are also used 1o detect

a-phase and v-phase precipitation, Which could just barely be seen in the

photographs of some of the sample.

There are various metheds for the measurement of macnetization. An advanced
type of apparatus, the vibrating sample magnetomster develcped by S. Foner
[46,47] is used in our e-xperlment for measuring magnetization of Fe—-Ni alloys with
compasitions Few Ni, fwhare x = 30, 35, 4G, 45, 50 and 78) at room femperature

of 300°K.. The sample is cemented to the end of a rod and the other end of

7



which is fixed to a loudspeaker. The specimen is vibrated in a vertical direction
by fiowing current through the laudspeaker. The ac signal induced by the dipole
fiald of the specimen in a pair of secondary coils placed on both sides of the
specimen is amplified and compared with a signal praduced by a standard magnet,
giving rise to an cutput signal which is exactly proportional to the magnetic

moment of the specimens. This is described in chapler (4.1

The linear increase of the saturation magnetization in iror-nickel alloys with
increasing iron concentration is explained using localized madel by Friedel[48).
The sudden decrease of the saturation magnetization in iron-nickel alloys around
30 atx Ni is explained using the localized -mornent model assuming negative iroe-
iron nearest neighbour exchange interaction and alse by itinerant electron

theory. This is explained in chapter (4.2),

The straingauge technigue has been used successfully for measurements of
magnetostriction of the Fe—Ni alloys at room temperature. This method was first
introduced by Goldman[49] and has since then become increasingly popular for
its simplicity, compactness and precision. A convenient method of detarmininé
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. & d.c. wheat stone bridge in slightly out of %alance condition 15 used to
measure the fractional change in resistance 1n the active gauge. The &eflestion
observed in the nanovoltmeter which is cohnected to the wheatstone hridge
circuit is used as a measure of the strain. There is a linear relationship between
the deflection of the hanovolimeter and fractional change in resistance. This is

described in chapter (5.1).



Measurements of magmnetostriction of Fe-Hi alloys with different concentrations at
room temperature have been reported in chapter (5.2). The magnetostriction of
Fe-Mi altoys of the composition Fen, Nilwhere x = 30, 358 and 42) are plotted
against the intensity of magnetization. When the magnetization approaches
saturatioh, the magnetostriction also appreaches its limiting wvalue, M, the

saturation magnetostriction.

The thermal expansion of Fee Nig alloy has been investigated and explained in
chapter(B). Low thermal expansion is responsible for a large spontanecus volume
maghetostriction which cahcels a normal lattice expansion resulting 11 the near-

zero net expansion in a broad temperature range centered on room temperature.

1™



CHAPTER 2  THEORIES OF FERROMAGNETISM

2.1. Etste of Ferromagnetism

The first successful theory to explain ferromagretism waz put forward by
P.Weiss[1] in 1907. He introduced two basic concepts to explain ferromagnetic
ordering. These are the existence of a molecular fietd which is proportional to
magnetization of the sample and the existence of domains which are region of
spontanecus homogenecous magnetization., This theory is in a way, an extension of
the classical theory of paramagnetism which was devetoped by Langevin assuming
each atomic moment as a non-interacting independent entity. The magneti;: freld
requiremant for paramagnetic materials to reach saturation is of the corder of 111'3E

AJm.

On the other hand, the field required to magnetize a ferromagnetic substance,
- such as supermally to saturation can be as small as 1 Afm, while the field
requlred for alnico is about 5 x 1IZ?J‘1 Afm. Most of the ferromagnetic materials can
be saturated by a magnetic field whose intensity lies between these two values.
Thus the magnetic- fields needed to magnetize a ferromagnetic substance is
considerably weaker than those required for paramagnetic materials. According
Eo this picture the atomic magnetic moments in a ferromagnetic substance interact
strongly with cne another and tend to align themselves parallel to each other.
The interaction iz such as to correspond to an appfied field of the order of
maghnitude as large as 1&:1g Afm and it causes in a’nearly perfect alignment of the
spins inspite of the tharmal agitation at room temperature[2]. The effect of an
externally applied field is meraly to change the direction of the spontaneocus

magnetization.

gl
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tf we congider a substance in which sach atom has a net magnetic moment M. of
n g.pins, then

M=y - - ()
Each atomic moment is assumed to be acted on by the molé_cular field, which is
propartional to the magnatiza'-cion of its environment. Classically the field shouid
be given by the Lorentz field, which is given by -

H = 1/3 (2}
Hewever, the molecular field is not the classically Larentz field, but an axchange
fieid of Quantum mechanical-orgin, We can express the molecular field as,

Hy = wwi (3)

where w is the proportionality factor.

Mow, if a maghetic field H is applied parailel to the magnetization | of the system,
an individual atomic moment has the potential energy
Ue = = M{H + wl} Cos8 {4)

Since the probability for an atomic moment to have this energy s propcrtional

to the Boltzman factor E-'J.'-ifﬂ? the average magnetization is given by

_,I'i{,:I g WM oo 5 ina.de

| = NM -
e Hi e WIS sing,de
) {H+w!)
or I = NML [M ————] {5)
KT

if we sat the argumsent of the Langevin function equal to a
we have | = NML{a} _ )
and from the definition of a,

aKT H

| = - (7]
Mw W

In fig. (2.2a}) we have a graphical representation of equation (&) and eqn (7).

10



Fig. 2.2a : Graphical representation of equation (6) and (7).
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Fig. 2.2b : Spontaneous Magrnetizatioh of molicular field,
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Curve- 1 represents the Langevin function and curve-2, a straight line through
the origin, represents egn. (T} for H = 0. The magnatization {1, which the
molecular field will produce in the material is given by the intersection points
of this two curves, There are astually two intersections one at the origin 0 and
the other at the point P. The actual stable solution is given by the point P,
where as the other intersection point O corresponds to an unstable sclution[z].
The later point represents the state for which 1=0, the state in which there is

a random distribution of the directions of the atomic moments.

If a small field is applied on the material, it will be magnsetized to the point A
{say) But if I = A, then the lins 2 states that H|11 is B, But a field of this
strength would produce a magnetizetion represented by the point C in the
curvel2.2b). Thus | would go through the values of C.ACE viiiieniea and arrive
at P. Now P is a point of stability, because the magnetization greater than P will

spontanesusly revert 1o P, in the absence of an applied field,

We shall now discuss how this behaviour is affected by changes in temperature
and how Iy will vary with temperature and at what temperature the material will
become paramagnetic. We now replot fig. (2.2b) with a as a variable rather than
H, where

M(H + H)

a= -
KT |

12



when the applied figld is zero, We have

Mw | Mwllﬂ
4= — = — (@)
kT I'GLTIEI

ar = ) a (9}

—~ .is & linear function of a with a slope proportional to the absolute
té?nperature. In fig (3) curve-1 is the Langavin function and line-2 is a plot of
eqn. {9) for a temperature T, . Theit intersection ai P gives the spontanegus
fractional magnsetization I_5 achieved at this temperature. An increasg in
temperature above T, has ’lt?]e effect of rotating line— 2 counterclockwise about
the origin. This rotation causes P and the correspending magnetization to move
lower and lower on the Langevin curve. The spontanecus magnetization vanishes
at temperature T, whan the line is in poszition 3, tangent to the Langevin curve
at the origin, TH s therefore equal to the curie temperaturs Tﬂ. At any higher
temperature, such as T, the substance is paramagnetic, because it is not

spontaneously magnetized[3].

The curie temperature can be evaluated from the fact that slope of ling 3 is the
1

same as the slope of the Langsvin curve at the origin, which is-—. Replacing
3
T with Tc.
wWe have
KTC _ 1
Mw 1, |
Mw | .
or T, = - (10}
3K

13
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Fig. 2.3 : Effect of temperature on spontansous Magnetization
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Therefore the slope of the straight line representing the molecular field is, at
gny temperature,
KT T

= — ' _ . (11}
uwi, aT :

But the slope of the line determinas the point of intersection P with the Langevin
I |
5

. Therefore — is determined solely by the
i I

curve and hence the value of

o 0
T
ratic —. This means that all ferromagnetic materials, which naturzlly have
T i
c
different values of I, and T, have the same value of for any particular value
T f
0
of . This is sometimes called the law of carresponding states.
T -

G

If we then define, for a ferromagnetic matsrial, g, and g, &s the saturztion

magnetizations at T"K and O0°K respectively an sxact statement of the law of

o,
carresponding states is that all the materials have the same value of —h-fcr the
T a
1
same Yalue of . The relation between the g and | values is
1
a /P, 15P,
- - (12)
G /Py lePs

Where p. and p, are the densities at T°K and 0°K, respectively.

A change from | 1o g also involves a change in the malecular field constant .

|
Hr = wl = wp{ —)} = (wplo (13)
p

Thus (wp) becomes the molecular field canstant.

13



L1

Then from edquation (10} we have

Muwpo,
T, = -

3K

and from equation (11), we have

KT T
= . {147
Mwpa, 3T,
Equation {9) therefore becomes
g KT T
— = Ja = Y a (15)
g, Mwpo, 3T,

when the magnetization is expressed in terms of g

The Weiss theory is modernized by supposing that the molecular field asts on a
" substance having g relative magnetization detarmined by a quentum mechanical

Brillouin function EJ{a], In terms of specific magnetizetion we have

g 2J + 1 2J +1 1 a
= Cot ki -y a - —— Cot h— ... (18)
g, 2d 2nd 2J 24
M{H + wl) gduﬁtH + wl)
where a = - =
KT KT

The straight line representing the molecsular field is given by

o KT
- a 171
0. I:wacrﬂ}

16



L4

The slope of the Brillouin function at the origin is
J + 1
3J

Therefore, the curie temperature iz

Mwpg, Jo+
T = ( )X e (18)
K. 34
SJlgw i, J o+
= box
K 3
g{J + 1hywpg,
= {19)
3K
The egquation of the molecular field line can” then be written
a Jd o+ 1 T
— = { Y x Ja (20
I 3 T,
cl:
values of the relative spontaneous magnetization —— as a function
o
i
T
of — can be found graphically from the intersectiorns of the curve
T

G

of eqn. {16} and the line of equation {20},
.2.2 Intrinsic Magnetization of Alloys
Almast all magnetic alloys contain at least one of the thres ferromagnetic metals

‘ron, cobalt or nickel which exhibit ferromagnetism at rocom temperature. By

alloying these metats with other slements, we can prepare magnetic substances



which have various magnetic properties: The properties of magnetic materials
depend on chemical composition, fabrication and heat treatment. Thesa properties
are mainly determined by the magnetic anisstropy, 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 atomic 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. Farromagnetism has its origin in the spin and orbital magnetic
moments in an unfilled electron shell. Each of the three ferromaanetic slaments
Fe, Co, Ni has an unfitted 3d shell. Yariation of atomic magnetic moment in thess
matarials with the number of alectrons in the {3d + 42) shefls is shown
graphically in fig {(2.4). This curve is usually referred to as the Slater-Pauling
curve [20,21], The average atomic magnetic moments of various alloys depend only
or the number of electrons per atom. This is reasonahle whean t!}e alloying atoms
are only one or two atomic numbers aparts, as in the series Ni-Cu and Fe-Ni

altow,

Most of the alioys are represented by points falling on a clrve consisting of two
straight lines. One of thase lines rises from O Bohr magnetons at Cr at the rate
of about 1Hy per sfectron, while the other falls from 2.54; at about 30 at¥% Co—Fe
at the rate of about -1 per electron, We have seen that ferromagnetiam, in 3d-
transition metals appears for average electron concentration ranging from 24 to

28.6. Since the argon shell (1s’ 2¢' 2P% 3¢! 3P%) is filled by 18 electrons, the
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number of 3d end 45 electrons in these ferromagnetic alloys ranges from 6 {o
10.6. |f we assumed that the number of condustion electrons is about 1.0 at Cr
and 0.6 at Ni, the number of 3d electrons is then 5 to 10 in the range where

ferromagnetism is realized.

In order to explain the appearance of ferromagnetism it is essential to identify
the physical origin of the molecutar field proposed by Weiss, which gives rise to
the parailel alignment of spins. The accepted interpretation of the nature of the
molacular field as presented by Heisenberg [5] in 1928 is quantum mechanical in

origin.

For a partlcular pair of atoms, situated at a certain distance apart, as in the
case of a hydrogen molecule there are certain electrostatic attractive forces
between the electrons aend protons and repulsive forces hetween the two
alectrons and betwseen the two protons, These can be calculated by Coulomb’s law.
But there is still another forée,-entirety mon-classical, which depends on the
relative orientation of the spins of the two electrons. This is the exchange force.
If the ;pins are antiparalle!, the sum of all the forces is attractive and a stable
molecule is formed. The total energy of the atoms iz 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 another. The exchange force s a consequence
of the Pauli's exclusion principle applied to t!r:.e two atoms as a whole. This
principle states that two electrons can have the same energy onty it they have
opposite spins, |f their spins are parallel, the two electrons will tend o stay far

apart. The ordinary (coulomb} electrostatic energy is therefore modified by the
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spin orientations. This means that the exchange force is  fundamentaily
alectrostatic in arigin. The term “exchange" arises in the following way. wWhen the
two atoms are adjacent, we can consider electron 1 moving about proton 1 and
electron 2 moving about proton 2, But the alectrons are indistinguishable, and
we.must also consider the possibllity that the two electrons exchange places, so
that electron 1 moves about proton 2 and electron 2 about proton 1. This
consideration introduces an additional term, the exchange energy, into the
expression for the total energy of the two atoms. This interchange of electrons
takes place at a wvery high freguency about 10% times par second in the

hydrogen molecule,

The exchange ensrgy forms an irpportant part of the total energy of many
molecules and of the covalent bond in many solids. Heisenberg showed that it
plays a decisive role in ferromagnetism. (f two atoms i and | have spin angular
momentum S, and Sj respectively, then the exchange enarlgy betwean them is
given by |

Y
n

~2Jy 8,8,

= —2Jy $;5,Copp (1)
Where J, is called the exchange integral and ¢ is the angle between the spins.
If }y, i& positive, E, is a minimum when the spins are parallel {cos¢h = 1} and a

maximum whan they are antiparalttel {cosg¢p = -1).

wWhen we stem from a hydrogen molecule to a ferromagnetic crystal calculation of
"Jex becomes formidable. Equation [1] which is itzelf something of a simptification

and which applies only to two atoms, have to he summed over all the atom pairs
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in the crystal. Exchange forces decrease rapidly with distance, so that some
simplification s possible by restricting the summation to nearest neighbour pairs.
But even this added simplification does not lead to an exact saolution of the

problem.

Knowledge that exchange forces are responsible for ferromagnetism, has led to
many semiquantitative conclusions of great value, 1t allows us to rationalize the

appearance of ferromagnetism in some metals and not in others.

Assuming that the exchange forces are affective only between nearest neighbcurs
and all the atoms have the same spin 35, the exchange eneray between one atom

and alli the surrounding atoms is then.

- Wr_A ot
E, = 2(-2],5%
Where 2 is the coordination number of the crystal structure that is each atom

have Z nearest neighbours.

22 8(5 + 13
Wherea Tc i the curie temperaturea.
It is usually .a5$urned that exchange forces depend rr:rainly on  interatomic
distances and not on any geometrical regularity of atom position. Crystallinity is

therefore not reguirement for ferromagnetism.

There have been two points of view in interpreting spin configurations in

ferromagnetic materials. One is based on a localized model in which the elactrons

22
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responsible for ferromagnetism are regardad as localized at the respective atomic
sites. The other point of view is an itinerant or collective electron model in which
alectrons responsible for ferromagnetism are thought of as wandering through

the crystal lattice. .

According to the Ilocalized moment theory, the electrons responsible for
ferromagnetism are attached to the atoms and can not move about in the crystal,
These alectrons contribuite a certain magnetic moment to each atom and that
moment is localized at each atom. This view is mplicit 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

3

temperature and the Curie—Weiss law, at least approximately, ahove T:'

But it can not explain the fact that the observed moment per atom & are
nonintegral for metals. Since the moment is entirely due to spin, the magnetic
moment per atom due to localized electrons, should be an integer. Gther defects
of the theory are that M and the molecular field constant wr are different above

and below the Curie temperature,

The collective elecstron theory emphasize the faci that the electrons responsible
for ferromagnetism are considered to belong o the crystal as a whoie. Here the
electron can move {from one atom to another rather than being tocalized at the
positions of the atoms. This theory accounts gquite naturally for the nonintegral

values of the moment per atom. It alsc explains fairly well the relative magnitudes
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of M in iron, cobalt and nickel and the value of the average magneatic moment per
atom in certain alloys, These are important accomplishments of the theory.
However, the bend theory, at least in its simple form, can not account for those

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
thecry is regarded as basically correct, and the problem then becomes
understanding the precise from of the various bands, how they are occupied by

electrons, how the exchange forces operate eto,

FiEl

Fig. - 2.5 : State-density curve of 3d band of Mickel and the arrangement of
spins in the band
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On the basis of the knowledge of the density of states in the 3d shell of coppar
as calculated by Krutter[8], Slater assumed that the density of states in nickel
may be also very high at the top of the 3d band as it is for copper, The density
of states in the 3d shell of nickel as a function of energy as calculated by
kKostaer[10] is shown in the figure(2.5). The corresponding energy levals, each of
which can be occupied by two slectrons, one of plus spin and one of minus spin
{Pauli principle} is also shown in this figure {2.5). In order to have a net
magnetic moment, therefore, it is neceszary thet some minus spin electrons be
excitad to higher anergy tevels and reverse the sigh of their spins from manus
to plus. Such as excitation showld not require too much ener‘gyl irn the case of the

3d shell because of the high density states.

If therefore, a positive exchange interaction is acting between 3d electrons, the
number of plus spins should increase until they fill up half of the 3d shell,
leaving wvacant lavels in the other half. Then the net magnetic moment will be
proportional to the number of vacant levals in the 3d shell. In that case, if we
add one efectron to the atom, this addition should result in a decrease of 1 Bohr
magnetoh per electron because the electron enters into a vacant minus spin level.

In this way we can understand the -45° inclination of the right half of the

Slater—Pauling curwve,
Meutron diffraction experiments have revealed a number of facts about the

maghetic structure of metals and allovs, Several nedtron sxpseriments on nickel-

rich  iron-nickel alloys{11-13} have shown that atomic spins responsible for
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ferromagnetizm are localized in each sort of atom 2.6 Hy for iron and 0.6 Mg for

nickel. These wvalues are nearly constant over & wide range of composition.

The alloys which corntain vanadium or chromium show & great deviation from the
main Slater—-Pauiling curve. Those are vanadium or chromium alloys whose mother
metais are cobalt, 50 at® Co-Ni and Nickel. A number of branches s drawn from
tha main Slater-Pauling curve. This shown in the figure{2.4). Such a rapid
diminution of the average magnetlc moment with composition may be explained
gither by assuming an antiferromagnetic alignmant of the vanadium or chromium
momentf16] or by assuming the filling up of 3d vacancies with the outar alectrons

of vanadium or chraomium [17] atoms.

The saturaticn magnetic moment even at oK drops off very sharply at an
alectron concentration of about 26.6 in a face centered cubic region. It was
pbserved for the 30 atX Ni-Fe alloy that the saturation magnetization racovars
its large value as socn as the lattice transfarms from face-centered cubic to body
cantered cubic at low temperatures. The rapid decrease of saturation
magnetization 'in this region is dus to some antiferromagnetic alignment of atomic

moments.

The +45° slope of the laft half of the Slater-Pauling curve has been lass adroitly
treated by the band theory. One posszible explanation is that, if the high density
or states portion at the top of the 3d band is able tc contain 2.5 electrons, the
plus spin band remains full until the minus spin band loses 2.5 slectrons.

Further loss of electrons would deplete the plus spin band because otherwise the
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Fermi surface of the minus spinh band might drop to too low a level. The loss of

plus spin electrens then results in a decrease of atomic magnetic moment.

Zener[i19] tried to explain this point in terms of antiferromagnetic alignment of
two kinds of atomic moments, +5uB and —mE for iron, on the two substances of the

bady~centered cublc lattice,

2.3  MAGMETCSTRICTION

2.3.1 introduction To Magneatostriction

¥hen a ferromagnetic material is placed in a magnetic field, its dimensions
changa. This phenomenon was discovered as long back as 1842 by Joule, who for
the first time found that an iron rod is increased in length when it is magnetized
fengthwlse, Later on it was found thet changes in dimensions occur not only in
iron but for all ferromagnetic materials. Magnetostriction is generally defined as
this phenomenon where the dimenszions of a ferromagnetic specimsn changes
during the process of magnetization, but there are a number of effects, which
include, joule effect and volume magnetostriction.

dl
The fractional change in length — i.e. the strain caused by an applied stress

]
{here the magnetic field H) iz writtan as

dl
{
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The vajue of A measured at magnetic saturation of a material is calted the
saturation magnetostriction and is represented by ']“s* However the deformation
dl

— due to magnstostriction is as small as 10{ — 10'5 . Such a small deformation

:
can be conveniently measured by means of a strain gauge technique.

' The value of the saturation longitudinal magnetostriction 15 can be positive,
negative or even zero, The value of A depends on the extent of state of
magnetization of the material and hence on the strength of magnstic field applied
on the samples. The nature of the variation of the magnsetostriction A with
maghetic field H is shown in figi%;-ﬁ?)is weal| knc;wn that the Process of
magnetization in ferromagnetic materials accurs by two mechanisms, {i) domain
wall motion at low fields and (ii) rotation of magnetization vector at high fields.

Magnetostrictive change in length usually occurs in most cases during the

rotation of magnetization.

Thers are two basic kinds of magnetostriction; one is the spontaneous
magnetostriction and the other is forced magnetostriction. Spontaneous
magnetostriction occurs in each domain with in the specimen due to Weiss
motecular field, when & specimen is cooled below the curie point and forced
magnetostriction occurs when a specimen is exposed to fields farge enough to
increase the magnetization of the domain above its spontaneous value. It is
avidant that both kinds are due to an incres;se in the degree of spin order, The
spontaneous magnetostriction is difficult to observe directly, bul it is evidenced
bf a local maximum at T, in the wvariation of the thermal sxpansion co-efficient

with temperature. The field induced magnetostriction in which A changes from Q
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to A, is caused by the conversion of a demagnetized specimen, made up of large
number domaine spontaneously magnetized in various directions into a saturated,
single-domain specimen spohtaneousty strained {magnetized) in ohe direction, The
modern understanding of the phenomenon owes much to Stoner[], Meel[22], van

Veek[23], Kittel[24], Callen and cCaflen[28], Lee and Asgar[26]

2.3.2 The Mechanism of Magnetostriction:

Magnetostriction in ferromagnetic material originates from the interaction between
the atomic magnetic moments. |f the distance between the atomic magnetic
moments |s r, the bond angte is &, as shown in fig. (2.8),then the interaction

energy according to Meel[22] can be expressed as,
W{r, Costd} = g(r) + I{r){Coz2® - 1/3}

G K |
+ q(r}{Cus‘Eﬁn - - Cos® + — ) + (2}
7 35 |

The first term g{r} is the exchange interaction term, it is independent of the
directlon of magnetization. Thus the crystal deformation caused by the first term

does not contribute to the usual magnetostriction. But it does play an important

rele in the volume magnstostriction.
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Fig. 2.6 : Interaction between the two magnetic atomic moments

The second term is the dipole dipole interaction which depends on the direction
of magnetization and is lkely to be the main origin of the magnetostriction. The
following higher order terms also contribute to the usual magnetostriction, but
normally their contributions are small compared to the dipole-dipole tarm.
Neglecting these higher order terms, the pair energy responsible for

maghnetostriction can thus be expressed as,

1
wir, ¢) = | {r) {cos®s - — (3)
3
IT the direction cosines of domain magnetization is {u1u2 a,) and those of the bond

direction is {yq, Y% ¥y ) the pair energy exprassion can be written as

1
W=10lay vy + gy + gy yp)® - ‘3'—] (4)
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Mow consider & deformed simple cubic |lattice whose strain tensor components are

given by e, Byp Op By By Gy Under the crystal strain each pair changes its

ORI P
bond direction as well as its bond tength. For instance, a spin pair with its bond
direction parallel to the x axis have the direction cosines yy = 1, 1,= Y3 = O0; and

has an energy in the unstrained stats

3
W, = 1r)tg* - —) {5}
3

where as, if the crystal strains, its bond tength r, will be changed to r, [1+eu}
and the direction cosines of the bond direction will be changad 1o v, =1, 1, = 3
S Ty = 1e,. Then the pair energy W, witl be changed by the amount,

5l 1
AW, = {—] r, 8, 1{#.'11i - —) + lgg &y t |2y

ar 3

Similarly, for ¥ and z pairs

5l 1
AW, = ([ —Ir, e, (0f ~= —) + | ;aye, + g, e
¥ 5r | B 3 it 2 Sry
Gl 1
AW, = (—) ryep (" —— ) + lag gy e, + lage,
5r 3

Adding these for all nearest neighbour pairs in a unit volume of a simple cubic
lattice, we have the magneto—elastic energy

1 1 t

Enaral = Bileylaf® - ) + e, (02 =) + & (a? - — )]
g 4 1] 3 ¥y 3 1 3
+ By (eyayy + eya0; + epa0;) (6
al
where By = N{ — }r,, By, = 2NI
&r



The energy thus expressed in terms of lattice strain and the direction cosines

of domain magnetization is called the magnetocelastic energy.

Magnetoelastic energy of the body-centered cubic Ilattice have the same

axpression as equation(6) with

g a T,
By = — HNI,B, = — N[1+{—)r,]
! 3 : b= &r
Similar calculations for the face—entered cubic lattice have the same expression
wlth
5l &1
B = 1 N[Bl + {-—w}rrﬁ] and B, = N[2I + {(—)r,]
5r &r

Since the magnsetoelastic energy (6) has a linear dependence on strain 8.,
By 8prByy By Oy the crystal will deform without limit unless it is counterbalanced
by the etastic energy which, for a cubic crystal, is given by

" Ey = 3C;le,? + ey + ey") + dcyle,® + e, 7 + eyt) + Crleyentey. ey + &, &y, )
Where Cy, Cy and G are the elastic modulie. Since the elastic energy is a
quadratic function of the strain of the crystal, it increases rapidly with

increasing strain, 8o that equilibrium is attained at some finite strain.

The condition of equilibrium is to minimize the total energy

E = Epg * Ey (1)
5E 1 .
That is —— = Bf{g®* — — ) + Cyey + Cple, + ey} = 0
Je,, 2
BE 1
- 31{DEI—" --—} + Ci;ew + GE{EL’_ + E‘,I‘(} =0
5e 3

¥y
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Solving these

1
51(03! - ?} + CHEH + EE[&II + Eﬂ,]l = f

Eﬂtﬂi + E“ E” =0 {8}

Bzﬂiﬂa + c“aﬂ =0

I
[

Baaydy + Cyy =

equations, we have the equilibrium strain

B = (g - ~=)
- 3
Sy~ S
- B1 1
e, = fa® - —1}
¥t ?
Cy = Cp 3
~B, , 1 )
8, = (o - —)
Sy ~ Cp 3
_BE
Sy = ayQ
Cy
_E'E'
a_ = —waua'
1 oy ?
- BE
e = G 4
Cy

The elongation abserved in an arbitrary direction of {:31 Be Py 118 given by

&l

— = 8y 612 + Eﬂ.ﬁf + Eﬂﬁaz + E”'ﬁrﬁg + E}'lﬁfﬁﬂ + E'IH&..{31 {1073
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If the domain magnetization is along [100] the elongation in the same direction
is obtained by putting =6 =1, &= a = & = ;=0 in egn. (10)
2 By
thus, l1m = omae—, (11)
3 ¢y - oy :

Similarly, when the magnetization is atong [I111], direction, the

1 B,
elongation is Ay = -— - {12)
3 Cy
1
[By putting a = P, = — in equation (10}, where i = 1, 2 and 3]
2
By using Ay and Ay, equation {10} can be expressed as,
&l 3 1
e = Ay (7B + Rt 4o B — )
! 2 3
+ B4y (am, BBy + amBh, + amBp) (13)

This equation is valid for crystals having either [100] or [111] as easy directions.
The equation is sometimes written in terms of the constants h.r and hg,
3 3
where hy = —— Ay and h, = — }Lm
2 2
when thea megnetostrictive strain s measured in the same direction as the
magnetization, then B, = a;, B, = q, By = a5 equation (13) then becomes
3 : 1
A, = -—— Jlm:][ﬂ# + . + 1114 - —]
o2 % 3
+ 3hyplafa® + gfg® + afe?) ' (14)
Since {af + a® + a)® = 1 = {a# + ':124 + %4]

+ 2Aafq® + ata® + a’a)?) (15)
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Then the eauation (14} may ba written as

L= Y+ By~ Aplafat ¢ atad + afat) (16)

The generalized expression (13 has greater utihity. |t allows us (i} to caloculate
the dimensional change of a single domain due to a rotation of its ), vector out
of the easy direction and (ii) to aveid the uncertainty asscciated with the

damagnetized state in magnetostriction measurements.

The First criteria that a saturated single crystal 15 a single domain is used to
caloulata 3.5. Using equation (13) we compute the walees of ls for two different
orentations as Iy 1 the aaturated state, the difference between these two values
will vield the strain suffered in a saturated single—domain cryvstal when |, rotates

from one orientation to the other,

T Y
H 0 Y ;" Y
J

{a) { b

Fig. 2.5, Rotation of magnetization

For example the length of a cube—edge direction [jDD] in asingle domain changes
in length as the |, vector rotates away from it. Let l, rotate away from [o01]
direction by an angle & in the (010} plane. This is shown in the fig., [2.1]. The
direction cosines of . are a. = cos (80°- 5) = sin &, ay =0, a, = cos &
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If the crystal is strained along the [001] direction, therefore, 61 = 6, =0 and 63

= 1. Substituting these values into eguation {13), we have, saturated
magnetostrigtion in the direction &,
3 1

JLS{E =§) = —-— lm(c:os*ﬁ - —) {173
2 3

When & = 0, this expression reduces to is{ﬁ = 0} = J*‘.III

It we take tha state of saturation along [001] as the initial state, the strain along

[001] direction in a single domain, whan I rotates by an angle & away from [Q01],

is
dl
_—=l5{5=5}—15 (& =0)
I
e 1
= —— Apyp{cos?d - — ) -
S ; Ly
3
= = — }-1m 5in%3 f18]
2

In iron Ay i¢ positive and [100] is an easy direction. Therefore when l, rotates
through an angle 20° out of an easy direction, the domain contracts fractionallv
in that direction by an amount
3
= ?" M
The magnetizetion vector I5 may rotate away from [001] direction in any plane,
not onty (010} ptene and Equation (18) will still apply, because a change in the
plane of rotation changes only ay and ds. Much of the original analvsis of
Maghetostriction has been developed by Akwov(27], 8ozorth[268], Hirane[],

Chikazumli[2] and Cullity[3] and others.
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¥ the magnetostriction of a particular material is isotropic which is more
generally so in tha case polycrystalline cubic materials where the crystal axes
are randomly criented throughout the crystal, we can put Ay = 4,, = *, Then the

agquation {13) becomas with the introduction of a new symbol,

3 1

Ay = 2 [(a®B¢ + a7 + 076 — —)
2 3

+ 2lagy By + apfBy + agiBfy)]
3 1
or A, =-:?~* Ag oyl + afy + apf)* - ‘;]

3 1
or &y = — Af Cos®® ~ —)
2 3

Where lp is the saturation magnetostriction at an angle 8 1o the direction of

maghetization, measured from the ideal demagnetized state, @ is the angle between

two directions defined by cosines d,a,0, and B ,0B, B then cosB = af, + ab; + afi;
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~CHAPTER 3 PREPARATION OF Fe—Ni ALLOYS & METALLOGRAPHIC STUDY

3.1 PHASE DIAGRAM OF IROCH-NICKEL ALLOY SYSTEM

Befare the iron-nickel alloys were used as magnetic materials, they were already
knowh 1o possess certain other peculiar and valuable properties like the low
thermal expansion of Invar (36% nickel). This has been knhown for more than 80
years[1]. Results of investigations of the structure of iran-nickel alloys have
been incorporated in the phase diagram of fig {(3.1). The atloys important for
ferromagnetism lieg in the composition range from 40-90% nickel and form a

continuous series of solid solutions having a face-centered cubic structure.

The solidification of metel alioys is clearly demonstrated by means of eqguilibrium
diagrams which are convenient graphic representations of changes in state due
to variations in temperature and concenirations[3.2]. The equilibrium diagram for
a solid-solution alloy system in the fig (3.1) summarizes the sssential information
obtained from time-temperature curves. In this case, data are plotted for a series
of alloys ranging in chemical composition from pure Iron to pure nickel. In fig
(3.1) the pDint'A indicates that when the compasition is completely free of nicket
(pure iron) the liguid phase changes to the solid phase only at the freezing
point of tron. Similarty the data are plotied at the compositions 30% nickel by the
points B, and B,. These point fully record the information that the 30% nickel
alloy begins to solidify at 1450°C and is completely solid &t 1450°C. The data on
the chemical compositions of phases are atso furnished by this diagram. The
'c:omplate liguidus and solidus lines are constructed by the usa of many pairs of

points similar to B, and B, obtained for other alloy compositions. The liquidus

39




PHASE DJIAGRAM
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Fig. 3.3: Iron- Nickel alloy system
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and solidus lines divide the equilibrium diagram into regions where the liquid

phase, liguid and solid phase and solid phase exist.

Stnce an eguilibrium diagram is merely a congise presentation of sxperimental
data abtained oh a given alloy system, it foliows that the original data can be
obtained again from the diagram. The equilibrium diagram is plotted with
temperature as the ordinate and composition as the abscissa. Therefors, spegific
information can be obtained from it only if a temperature and a composition are
specified. Such a pair of valuss locates a point in the diagram, Points of this
Lind are used repeatedly in analyzing equilibrium dizgrams. In our case, the
state of the alloy of composition 30% nickel is determined with reference to a
certain temperature. Thus, when this alloy is at 1500°C point 1 is determined in
fig (3.1) and if this altoy is at 1475°C point 2 is determined. Once the peint of
interest is located in the diagram, it is easy to ascertain which phase or phases
are present. Those phase are present that correspond to the phase field in which
the point lies. For example, the 20% Hickel alloy at {1500)*C (point 1} consists of
only ons phase, the quuiﬁ solution.,  On the other hand, at (1475)°C the same
alloy consists of a mixture of liquid solution and solid solution, since point 2 lies
in the tiguid and solid field of the diagram. At (1400)°C only the solid-selution
phase exists. A similar anﬁlysis is made for any point {any alloy composition and

temperature) in the diagram,

3.2 Pre;:;aration of Fe—Ni alloys by powder technclogy
Fe-Ni alloys of the composition Fem, Hi, fwhern x = 30, 35, 40, 45, 50 and 7&) are

prepared from the powders of pure lron and Nickel of purity 99.9% supplied
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by B.D.H. England. The reqguired amount of iron and nickel are measured with an
accuracy of + 100pug with & digital balance. The constituent powder of appropriate
atomic pergent for certain composition ars mixed with mortar and pestle in

presence of 0.5% of polyvinyl alcohol., Polyvinyl alcohol served as a binder.

The mixture is then pressed into the reguired form in a die using a pressing
machine, "The Metaserv press”™. The die is first filled with the powder sample and
the die plug s placed on top of the powders in tha die. The die with the die
plug is then placed on the base plate of the pressing machine and a pressure of
6000 psi is applied on the die plug by & hand operated hydraulic jack. After
pressing, ihe hydraulic pressure is releassed and the die is taken out from the
pressing machine. A metal hollow cylinder is placed on the base of the pressing
machine and the die with the plug is placed on its top. The outer diameter of the
cylinder is the same as that of the die, The cylindrical shaped sample formed is
pushed out of the die under pressure. The pressed sample prepared is then

sintered,

The sintering process is ususlly carried out at a temperature balow the highest
melting points of the constituents. In some cases the temperature used is high
anough to form a liguid constituent, such as in the manufacture of cemented
carbides, where sintering is done above the melting point of the binder metal.

In most cases,the alloy is formed without melting the constituents.

Sintering is essentially a process of bonding smnlid bodies by atomic forces.
Sintering forces tend to decrease with increasing temperature, but ohstructions

to sintering such as incomplete surface contact, presence of surface films and
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lack of plasticity etc decresse more rapidly with increasing temperature. Thus
elevated temparature temd to favour the sintering process. The longer the time
of heating or the higher the temperature, greater will be the bonding baiween

particles and resulting tensilte strength.

Despite a great deal of experimental and theoretical work on the fundamental
aspacts of sintering, there iz still much of the process that is not understood.
The sintering process starts with bonding among particles as the material heats
up. Bonding involves diffusion of atoms where thare is intimate contact between
adjacent particles leading to the development of grain boundaries. This stage
results ih a relatively large increase in strength and hardness, even after short

gxpasures to an elevated temperaturs.

Sintaring furnace may be either the electric-resistance type or gas or oil-fired
type or induction type. In our cese induction type furpmage *P.CLE." 15 used.
Since bonding between particies is agreatly affected by the surface films, the
formation of undesirable surface films, such as oxides, must be avoided. This is

accomplished by the use of a controlled protective atmosphere.

The pressed sample of the composition Fe, Ni,, and Feg Ni; are sintered at a
temperature of 1420°C for 3 hours in the furnace. The furhace is then cooled
slowly, The samples of compositions FeyMi,,FegNi;, FepNis and FegNiy are
sintsered in ths same way at the temperature of 1400°C. For all the samples the
duration of sintering s kept thres hours and fhen the furnace 13 allowed to cool

of its own natural rate by switching off the powear.
s
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Tha sintered sample of different compositions of Fe-Ni alloys are annealed at
1000*C in & furnace for 15 hours followed by shlow cooling, The magnstic
properties of material thus obtained are magnstically more homogeneous and

stronger than that of the cast alloys.

X~ray diffractometer investigation are carried out on these samples to check their
status and homogeneity. The X-ray diffraction pattern of the samptes are shown
in Fig. (3.2, 3.3, 3.4). The position of the diffraction peaks are given in table
f3.1). It t5 seen that the diffraction peaks for the samples Felm,,[r%lilE for x = 36 to
78 ocours at identical peositions indicating samples maintains identical y-phase
{Fcc), for x = 30, the peaks at 75 and 91 disappears indicating the occcurance of
phase transformation. This phase can be identified as o-phase (bce). Thus it

appears that x = 30 is the composition at which the phase transition occurs.

3.3 Metallographic Study

Metallography ot microscopy consists of the microscopic study of the structural
charactqristics of a metal or an alloy. The microscope is by Tar the most
important tool of the metallurgist from both the scientific and technical
standpoints. It is possible to determine grain size and the size, shape and
distribution of various phases and inclusions which have a great effect on the
mechanical properties of the matal and also effects the magnetization process
through magnetoslastic interaction and the pinning of dcmaiﬁ walls of crdered

magnetic materialsl(2,3,5].

The success in microscopic study depends largely upon the care taken in the
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preparation of the specimen. The most expensive microscope will- not revezl the
structure of a specimen that has been poorly prepared. The procedure to be
followad in the preparation of a specimen as comparatively simple but involves
special care. The steps reguired to prepare a metallographic specimen properly

are as Tollows:

Sampling : The choice of a sample for microscopic study is very important. If a
faiture in a metal sample is to be investigated; the sampie should be chosen as
close as possible to the area of failure and should be compared with one taken

from the normal section.

Since our Fe-Ni samples can be considered as mechanically soft, the section is
obtained by use of an abrasive cutoff wheel. This wheel is a thick disk of
suitable cutting abrasive, rotating at high spesd. The friction betwaen the wheel
and the sampie generates heat. The specimens are therefore, kept cool during the

cutting operation by making the wheel pass through water bath in its rotating

path,

Rough grinding: The sampies are made approximately flat by slowly moving it
forward and backword across the surface of the flat smooth file. The specimens
are then made rough-ground on a belt spander, with the specimen kept cool by
frequent dropping of water during the grinding operation. tn ali grinding and
polishing operations the specimen are moved perpendicular toc the existing
scratches on its surface. The rough grinding is continued until the surface

iooks flat and free of nicks, burrs etc and all scratches due to the hacksaw or
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cutoff wheel are no longer visible.

Mounting : Faor polishinlg small size samples, it is required to mount them in some
bakelite blocks. Bakelite is used as the most common thermosettihg resin for
mouhting small specimens. Bakelite molding powders are available in a variety of
colours, which simplifies the identification of mounted specimens. The specimen
and the correct amount of Bakelite powder, or a Bakelite preform are placed in
the cylinder of the mounting press. The temperature is gradually raised to 150°C
and a molding pressure of about 4,000 Psi was applied simultaneously. Bakelite
is set and cured when this temperature is reached. The specimen mount is

ejected from the molding die while it is still hot,

Intermediate polishing: After mounting, the specimens are polished on a series of
emery papers of successively finer abrasives. The first paper is no. 1, then 1/0,
" 2/0, 3/0 and finally 4/0 are used.

The intermediate polishing operations using emery paper are done dry. For the
next stags of final preparation of the sample, silicon carbide abrasive is used.
AS compared to emery paper, silicon carbide has a greater removal rate and as
it is resin bonded, can be used with a lubricant. Lubricant prevents overheating
the sampies, minimlizes smearing of soft metals and also provides a rinsing action

to flush away surface removal products so the paper does not become clagged.

Fine polishing : The final approximation to a flat scratch-free surface is
obtained by using & wet rotating wheel covered with & specigl cloth that is

charged with carefully sized abrasive particles. A wide range of abrasives is
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available for final polishing. While many will do a satisfactory job, we preferred
for the gamma form of aluminum oxide for our iron nickel atloys. The cigth used
is silk.

Microstructure of Iron-Nickel Alloys: The iron-nickel alloys contains 0% to As
high as 78% nickel, The remainder for these alioys is iron. Micro-structure of the
iron~nicke! alloys is a simple aggregate of austenite grains, Apart from showing
some honmetatlic inclusions, micrographs show only size and shape of the grains,

Metallographlc examinations are performed on etched specimens.

Etching : The purpose of etching is to meake vigible the many structural
characteristics of the alloys. The process is such that the various parts of the
microstructura could be clearly differentiated. This is accomplished by using

raagent which subjects the polished surface to chemical action.

Microetching (chemical} : Table-3.2 iists of several etchants that may be used for
Iron-nickel or iron-cobalt alloys. As shown in Table 3.3 some of the etchants in
Table 3.2 are suitable for both groups of ailoys, selection of etchant is often
arbitrary, The first etchant listed in Table - 3.2(HCH, CuCIE,FecI? HNDE. methanal

and water) is most often used.
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Angutar position (28) of the diffraction peaks for
diffarent Fe-Ni allovs.

Tabte — 2.1

Ej;jnpnsitiﬂn 28 pozition for the peaks Structure i
1 2 3 4 B &
FegNigy, 35 43.6 50,7 56,4 — — a-phase
{bce }phase
“ transition
FegsNigs 35 43.5 50.8 - 75 91 | y-phase
FeghNig 35.5 43.5 50,75 — 15 91 y—phase
' {Fcc)
FercNiy 34.85 43.4 &D.8 56 74.6 90.8 | vphase
{Fce )
Feﬁﬂ'N.IEI:I 34.8 435 B .8 - 74.9 91 phase
Foo)
FesNirg 35.4 4.2 51.4 - 75.8 92 y—phase
{Fea}




Table-3.2

Eichants for Microscopic Examination of lron—-Nicke! Magnetic Alloys

Etchant Composition for Chemical Etching
1 100ml HCI, 2gm CuCly,7gm FeCly, Sml HNO,, immarse or swab for
200ml methanol, 100m| water 10 to 15 sec,
2 15m, HCl, 5gm FeCljanhydrous) &0ml Immerse for 5 to 10
ethanol. S8,
3 aml HCl, 1ml HNO; saturated with CuCl, Swab for 2 to 3 sec.
4 15ml HC!, Sm! HNOy, 10mt glycerol Swab for 10 to 15
. sEec,
3] Ammonium persulphate (saturated aqueous Immerse for 20 to 30
solution} sac,
! 2 to 10¥ nital (HNQ; in ethanol or Immerse for 5 to 10
methanol} s0c,
7 §0ml Hcl, 10gm CLan::*, s0ml water {(marhle's | Immerse or swab for
reagent) 6 sec.

Table 3.3

11*'
Etchants in table 3 Recommended for Microscopic Examination of lron-Nickel Alloys

Etchant Characteristic revealad
1, 2, 4, 5,6 Grain size, structure
a,7 ) GBraih size
|
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Microstructure of Fe-Ni1 ailoy System
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Microstructure of Fe-N1 alloy System
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CHAPTER 4 MEASUREMENTS OF MAGNETIZATION OF Fe—Ni ALLOY SYSTEM
4,1 DIFFERENT METHOOS FOR THE MEASUREMENT OF MAGNETIZATION

Thare are variocus methods for the measurement of magnetization based on the

following principlas.

i. Measurement of the force acting on the magnetic specimen placed in an

inhomogeneous magnetic Tiseld.

i, Measurement of the woltage or current induced by elsectromaghetic

induction.
i1, Measurement of the magnetic field produced by the specimen.

. Measurement of the force acting on the magnetic specimen:

when a megnetic specimen is placed in an  inhomogenecus magnetic field, the

SH Py
. , . A o ,
specimen is acted on by a force given by F, = M —-, Where — 18 the gradient
G &

of the field in the direction x and M is the magnetic moment. Most commonly used
method for the measurement of force F, is the magnet s balance. One arm of the
balance suspends the specimen between the pole pieces of an etectromagnet while

the other arm is halanced by weights or by a current carrying coil placed in a

radial magnetic Tield produced by a small electromagnet.
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ii- Measurement_of veltage or current induced by _electromagnetic induction:

lh this method the sample is kept ins

ide a secondary coil. 1f the magnetic flux

inside the secondary coil is changed' by changing the magnetization of the

specimen {by ihcreasing a magnetic field step wise or by reversing a magnetic

field or by removing the specimen from

coill A ballistic galvanometer can be
deflection of the
passes through it, which, in this i
value of — or

Gt
detarmined by a standard mutual ind

iii. Measurement of the'maqnetic fie

to the flux changle . The

the coil), 2 voltage — is induced in the
Gt
used to detect this induced voltage. The

galvanomster is proportional to the efectric charge which

nstance, is proportional to the integrated
proporticnality factor can be

uctance or by using a standard sample.

d produced by the_specimen

all the maghetometers are based on thig principle. An advanced type of apparatus

which belongs to this category is the vibrating sample magnetometer, developed

by 5. Foner[1-3]. The specimen is vibrated in a vertical direction by a dynamic

laudspeakear. In this system & small d

sc shaped sample is cemented to the end

of the specimen rod, the other end of which is fixred to a |lcudspegker cone or

+to some other kind of mechanical

vibrator., Current through the

toud=zpeaker

vitbrates the rod and the sample at dgbout B0 cycles/sec with an amplitude of

about 0.1 mm in a direction at right angles to the magnstic field. The ogcillating

magnetic field of the sample induces an

alternating emf in the detection coils. The

vibrating rod also carries two reference coils and a reference specimen in the
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farm of & small per‘manelnt magnet near its upper end. The oscillating fizld of this
sample induces another emf in the two reference coils, The voltages from the two
sets of coils are compared and the difference is proportional to the magnetic
moment of the sample. This procedurs makes the measurement insensitive to

changaes in, for axample vibration amplitude and frequency.

4.2 WORKING PROCEDURE OF THE ¥.5.M.

In the present measurements the vibrating sample magnetometer used is Foner
type. The squipment has been designed and built by the magnetism group of the
AECD{4]. The componants of the VYSM (Fig.4.2) and their working procedure is

illustrated below:

In vibrating sample magnetometer, the signal generator (S&) feeds a sine wave
signal to tha audio amplifier. The frequency of the sine wave from the signal
generator is set at B0 Hz. The output of the signal generator is also connected

to reference channel input of the lock in ampiifier LA,

The drive-rod-assembly R tightly coupled to the vibrating papercone of the
speaker which vibrates in a vertical direction along its length. By changing the
gain of the audic amplifier, the amplitude of vibration may be controlled. A
cylindrical shape psrmanent magnet {P} Ba0, 6Fe,0; is fitted to the drive rod
assembly and the sample is fitted to the lower end of the drive rod assembly

with the help of a sample holder H.
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Two cylindrical sample coils SC are placed symmetrically on 21ther side of the
sample and ate conhected 1n series opposition to add up the induced e.m. f."'s. The
axes of the coils are parallel to the direction of vibration of the sample. This

pair of coils is referred to as the sample Coil system,

another pair of coaxial coils RC also connected to each other in zeries
apposition is placed symmetrically around the permanent magnet P. This coil pair

is the reference coil system.

As the drive-rod assembly is vibrated with a particular frequency and amplitude,
the sampte 5 nduces a signal of the same frequency in the sample coil system.
This signal is proportionhal to the dipole moment of the sample. & block diagram

aof the system used is shown in fig. (4.2).

As the applied magnetic field in the pole—gap is gradualiy increésed by
increasing the current through the electromagnet, the sample beccmes magnetized
more and more and induces a Jarger zignal in the sample coil system t3111 1t
reaches the state of saturation maghnetization. This signal direstly goes to one
af the inputs of the Tock im amplifier. Similatly, arother signal of the same
frequency is induced in the reference coil system duz to wvibration of the
permanant magnet P. Since the moment of the magnet 15 Tixed, this =ignal is also
of fixad amplitude for a particular freguency and amplitude of wvibration. This
signal is termed as the reference signal and it is first fed to a unity gain
phase shifter wunit. The phase shifter i3 used tg Bring the reference sighal in
phasze with the sample signal. From the phase shifter the reference signal passes

o 1o the decade ratic transformer R T of constant input impedance. The sutout
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of this transformer then goes to the other input of the.lock in amplifier. The
cutput to input ratio of the decade transformer can be accurately wvaried from
1!21'3 to 1. With the help of tha decade transformer the amplitude ofl its output
signal is made equal to that of the sample signal. The lock in amplifier is

operated in the differential input mode and is used as a null detector.

when the sample signal and the output signal of the decade transformer are af
equal amplitude and are in the same phase the D.C. meter of the lock in amplifier
gives a null reading.

Since the sample S and the permanent magnet P are vibrated with the same drive
rod assembly, the sample signal and the reference signal have a direct phase and
amplitude relationship.

4.3 CALIBRATION OF THE ¥.5.M.

There are usually two metheds of catibration of a vibrating sample

magnetometer.

By using a standard sample

i By using a coil of small size whose moment ¢an be calculated for d-c

current through it,
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The VSM used in the present work hes been calibrated usinlg a nickel sample of
99,9% purity. The nickel sample is placed in the steady magnetic field in the ¥5M
ahd the ratio transformer is adjusted until & nuell is observed in the lock in
amplifier. The measurements are done far different field strengths untii
saturation. The standard saturation moment valua of nickel and the ratio
transformer reading is usad Itu calculate the calibration constant, K of the ¥SM
following the relation,

M = KK . (1)
Where M is the magnetic moment, K’ is the ratio transformer reading at saturation

and K is the calibration constant.

or ¥ = (2)
Where g is the specific magnetization and m is the mass of the sample.

The calculated calibration constant is found to ba, K =53.474, The accuracy of this
calibration depends on the accuracy of the ratio-transformer and the gain of
amplifier, The measurement hag been done repeatedly for the same standard

nickel sample. The callbration constant is estimated to have an accuracy of 1%.
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4.4 MAGNETIZATION MEASUREMENTS

The magnetization measurements of Fe-Ni alloys of the composition Feyg, Ni {x =
30,35,40,45,50 and 78) are measured by means of a vibrating sample magnetometer,
The magnetization {o) as a function of magnetic field are measured in different

applied fields with a maximum of & Kilogauss,

The measurements are confined to room temperature only because of the hon-
availability of high temperature oven and tow temperature cryostat, The
magnetization curves are shown in fig. (4.3]. It is seen that the magnetization is
slowly increasing with the increase of the applied field table (4.1 - 4.8) and
curves suggesting that the applied magnetic field of & Kilogauss is not sufficiant
to saturate the specimens. The specific magnetization values o are then plotted
against 1/H,which is found tc be linear for higher value of H. The value of @

1

at — = 0 is taken as the value of magnetization at saturation. These curves are
H

shown in fig. (4.4),

The concentration dependence of the saturation magnetization is shown
graphically in fig (4.5). The linear increase of the saturation magnetization in
iron—-nickel alloys with increasing iron concentration is explained in the light of

the existing theory as proposed by Friedel[5].

in order to explain the abrupt decreass of the saturation magnetization in jron—
nickel alloys arcund 30 at¥% of nickel, the localized moment model by Kondorsky
and Sedov(1980}[&] and also by Heiserberg are considered,
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Tahle - 4.1

variaticn of magnetization with magnetic field for sample Fepn.N1s,.

Mass of the sampie = 0.1075 gm
Thickness of the sample = 1.0 mm
Diemster of the sample = 4.8 mm
Calibration constant (K) = 53.474
Maghetic Tield in Decade Transformer Specific magnetization
Kilogauss reading K’ KK'
0y, —— Am*/Kg
m
a1 0.0199 3.8385
0.5 0.0934 45. 4602
1.00 D.1¢28 T1.0333
1.5 0.1611 80,1362
1.75 01663 82.7230
2.00 0.1703 54,7127
2.25 0.1736 46 . 35842
2.5 3.1753 E7.48383
2.7h 017748 BA, 4832
3.00 o.17152 BO. 91399
3.25 0.1810 90.03h2
3.580 0.1820 90, 5327
3.75 O.1830 9105301
4. 00 0. 1840 31 .5275
4.5 0.1855 92,2737
5.00 0.1870 93.0198
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Table 4.2

variation of magnetization with magnetic field for sample FegMiy

Mass of the sample = 0.1839 4gm
Thickness of the sample = 1.05mm
Diameter of the sample = 5.35mm
Calibration constant K = 53,474
Magnetic field in Decade Transformer Specific magnetrzation
kilogauss reading K’ KK
a, = Am? /Kg
m
0,1 0.0429 13.9965
0.5 0.19352 B4, 9209
1.00 0.2743 89.4930
1.5 0.3006 93.0737
1.75 0.3137 1023477
2.00 0, 3236 105.57717
2,25 0.3312 108.0672
2.5 0.3370 109.9?55
2.75 0.3415 111.4177
3.00 0.3450 112.56586
3.25 0.3482 113.6037
3.50 0.3509 114.4848
3.75 0.3530 115.1697
4,00 0.3549 115.7896
4,50 0. 3579 116. 7684
5.00 0.3805 117, 6166
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Table 4.3

Variation of magnetization with magnetic field for sample FemNim
Mass of the sample = 0.08R5E gm
Thickness of the sample = 0.435 mm
Digmeter of tha sample = 5,13 mm
Calibration constant K = 53,474

Magnetic field in Decade Transformer Specific magnetizaticn
kilogalss reading K’ KK *
o, = Am? /Kg
m

0.1 0.01713 13,8603
0.5 0.0788 54,3320
1.00 0.1098 B9.47M1
1.5 0.1200 97.9676
1.75 0.1224 101.55897
2.00 0.1270 103. 6824
2.25 0.1220 105.3152
2,50 0.1303 1063765
2.75 0.1317 107.5184
3.00 0.1327 108. 3358
3.25 0.1337 109.1522
3.50 .1343 ) 109. 6421
3.75 0.1350 110.2135
4.00 0.1358 110.7034
4.5 0.1364 111.3565
5.00 0.1373 112.0913
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variation of magnetization with magnetic field for sample Fe;Ni,;

Table 4.4

Mass of the sample = 0.1017 gm

Thickness of the sample

.60 mm

Diamater of the sample = 5.50 mm
Calibration constant K = 53.474

Magnetic field in Decads Transformer Spect1fic magnetization
kilogauss reading K’ KK
g, = Am® /K9
m
0.1 Q.0256 13,4605
0.5 0. 1127 592.2575
1.00 0.1641 B, 2838
1,60 01822 Q5. 28007
1.75 0.1874 95,5349
2.00 0.1911 1004803
2.25 . 1850 102.5312
2.50 0.1974 103.7929
2.75 0.1595 104 .8971
3.00 0.2012 1057909
3.25 0. 2030 1067374
3.50 0.2042 107.3683
3.75 0.2052 107.8341
4.00 0. 2061 108.3673
4,50 0.2078 109.2612
5.00 0. 2080 109.8924
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Table 4.5

Variation of magnetization with magnetic field for sample Femﬂim
Mass of the sample = 0.1600 gm
Thickness of the sample = 1.05 mm
Diameter of the =ample = 5.30 mm
Calibration constant K = 53.474

Magretic field in Dacade Transformer Specific magnetization
kilogauss reading K’ KK’
o, = Am® /Kg
m

0.1 0.0300 10.0263
0.5 0.1675 £5.9808
1.00 0.2423 80,8796
1.5 0.2807 893.8134
1.75 0, 2981 37.5232
2.00 0.29598 100.1269
2.25 0Q.3050 101.9345
2.50 0.3092 103.3385
2.75 0.3124 104.4079
3.00 0.3148 105.2100
3.25 0.3170 105.9453
3.50 0.3188 1046.5469
3.75 0.3200 10,9480
4.00 0.3214 107.4158
4,80 0. 3231 107.58840
5.00 . 3247 ) 108.5187
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Table 4.8

variation of magnetization with magnetic field for sample Fe,MNiy
HMass of the semple = 0.1433 gm
Thickness of the szample = .95 mm
Diameter of the sampte = 5.45 mm
Calibration constant K = 53.474

89320

Magnatic field in Cecade Transformer Spacific magnetization
kilogauss reading K’ kT
g, = AmE SKg
m

0.1 0.0265 4.8887
0.5 0.1188 443315
1.00 0,1724 g4.3329
1.5 0. 1855 £9.2214
1.75 C.1882 70.2289
2.00 0.1300 70,9006
2.25 0.1814 11.4230
2.580 0.1528 71.8708
2.75 0.1932 T2.0847
3.00 0.1940 72.3832
3.28 0.1944 T2.5425
3.50 0.1948 72,8918
3.75 o, 1852 72.8410
4,00 0. 1956 72,9803
4.50 G, 1855 731028
5.00 0.1362 ) 73,2142
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4.5 RESULTS AND DISCUSSION

The ]inear increase of the saturation magnetization in iron-nickel alloys with
increasing iron concentration 1s explained by Friedel., 3everal neutron
diffraction experiments on nickel-rich iron-nickel alloys [7-9] have shown that
atomic spins responsible for ferromagnetism are fairly well logalized in each
sort of atom with 2.6 for iren and 0.6 i for nickel, These values are nearly
constant over a wide range of composition. Friedel [51 explained this fact in the
following way: Wheh a solute atom with atomic number Z, is introduced into the
metallic matrix composed of the atoms with atomic number Z,, the excess nuclear
charge (z, — Z,)|e| = AZle| locally displaces the mobile electrons until the
displaced charge exactly screens cut the new nuctear charge. In transition metals
such & localization of tha excess electrons is thought to be particularly perfect
because of the high density of states of the 3d shell. For iron-nickel alloys,
Z, = 26 for iron and Z, = 28 for nickel; thus AZ = -2 and hence the solute iron
atom should have two more vacancies in the 3d shell than has a nickel atom in the

matrix. It is, therefore, expected that an iron atom in iron-nickel alloys should

have two more Bohr magnetos than a nickel atom, which is 2.6 My -

In general, the average maghetic moment of the alloy with concentration © is
expressed by,

Mav = M., — &ZCHg peved mavaas {3}
M,, represent the average magnetic moment. This is in accord with the right hand
half of the slater-Pauling curve and yields a 1inear increase in magnetizatioh
with Iron concentration. The dotted curve is drawn from the calculated values

using the relation 3.
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The abrupt decrease of the saturation magnetization in 1ron-nickel alloys around

30 at¥ Ni is explained as follows:

For a long time it was thought that the deviation of the average magnetic moment
May from the Slater—Pauling curve, 1in Fe-Ni alloys on approach to the y-a
transition is one of the most prominent features of Invar, since it gives obvicus

indication for the instability of the magnetic moment.

In order to understand the Invar characteristic in Jd-transitich metal alloys,
thare have been twe different basic approaches, One igs based on the localized
elestron picture [(Heisenberg model }[5] 1n which sach atom has i1s own permanent

and temperature independent moment.

The other is based.on the itinerant prcture of magnatism {stoner modeli[13-14]
giving rise to the understanding of the composition dependence of the average

momernt {Slater-pauling curvel.

The first suggestion of the possible presence of antiferromagnets< exchange bonds
in Sd-transition metal alloys was proposed by carr [10] that sdch a mixed
exchange situation might explain all deviation from the slater-pauling curve
[11-12]. Kondorsky and Sedov later proposed the mechamism described by carr
spacifically for the case of Fe-Ni Invar and called it iatent antiferromagnetism
[6,16]. It is generally recngnized also by carr [15] that kondorsky and Sedov are

the authars of mixed exchange in Invar.
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In its simplest form, latent antiferromagnetism has assumed three near netghbour
exchange interaction Fe-Fe, Fe-Ni, Ni-Ni [I]. The exchange interaction between
Fe—Fe pairs is considered antiferromagnetism. The interaction corresponding teo
Fe-Ni and HNi-Ni pairs are considered ferromagnetism. The assumed
antiferromagnetic bonds are consistent with the known antiferromagnetism of

(f.c.c.) y -Fe[17].

Considering band modal [18] one possible explanaticon is that, if tha high density
of states at the top of the 3d band is able to contain 2.5 electrons, the plus
spin band remains full until the minus spin band Toses 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 tow a level., The loss of plus

spin elactrons then results in a decrease of atomic magnetic moment.
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(HAPTER & MEASLREMENT OF MAGNETOSTRICTION OF FeMNi ALLOY SYSTEM
5.1 TECHNIQUE OF MEASUREMENT OF MAGNETOSTRICTION

The change in dimension of a magnetic material in an applied Tield which we call
magnetostriction, is very smail of the erder of 107 ~1Gﬁ. The measurement of
such an small dimensional change can be conveniently measured using an elactrical
resistance strain gauges. The gauge is cemented to the specimen in a precisely
determined direction along which the measurement is required to be made. The use
of a strain gauge is based on the assumption that any strain characteristic of
the specimen on which the gauges is bonded, i3 *transmitted Faithfully to the

electrically sensitive zone of the gauge and is observed as a resistance charnge,

The experimental set up consists of B strain sensing device that 4is strain
gauges, a D.C, bridge, D.C. amplifier and a rotatable electromagnet. A rotatabia
electromagnet is used to apply the megnetic field in the desired direction, The

component elemants are arranged in the whetstone bridge fashion.
5.1.1 The whetstone bridge principle

The uss of Whetstone bridge is guite well Khown as a convenient method for
-measuring fractional change in resistance. A D.C. whetstone bridge in slightly
out of balance condition is used to measure the fractional change 1n resistance
in the active gauge. The simple type of 0.C. bridge circuit is shown in the

fig. (5.1},
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Fig. 5.1 0.C. Wheatstone Bridge circuit




when the resistance of the active gauge 15 changed from 4 to A& + da,
acorresponding out of balance voltage developes acress the input of the D.C.
amplifier. Then a deflection 135 observed in the MNanovolimeter which is connected

to the whetstohe bridge circuit.

It the defiection of a Nanovoltmeter is to be used as a measure of the strain,

it is necessary to calibrate the NMNanovoltmeter, There is ] 1inear

relatiohship  betwsen the deflection of the MNanovoltmeter and fractional
ki,

change in (—}resistance under special considerations as discussed below:
A

2.1.2 Bansitivity and calibration of the D.C. Bridge:

The D.C. bridge used in the present work is similar to that used by Al3 Asgar[1].

The current in the D.C. bridge circuit in terms of the Parameters of the bridge

is
. E M
Ig = X
BD ZN (1+KIA )
B+ D + A + JMZ + N+ A+ i
M M
M(D+ Z) + (B+ NMB +D 4+ 2
where K = caean (t) .
BD ZM e
M{B+ D + A + WZ + N+ A+ }
M H

Equation (1) is an exact algebraic solution for Ig where the circuit on the right
hand side of points PG in fig(5.1) has been treated as a current measuring device
of input resistance Z. Since the bridge is only slightly unbalanced KAA<<i and
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the factor 1 + KAA can be replaced by unity. Also, since the input resistance of
the measuring unit is of the order of one megachm, we can put 2 + g in equation
(1) and obtain the expression for the maximum vl tage sensitivity corresponding

to B =0, cloge to the halanced condition aof the bridge

Alg ED
x{ ‘_“—}I:I B o e maas (2]
AA (D+A)?

In our bridge D represents the resistance of the dummy gauge and A that of the
active gauge. Both have the same value of 120 ohm in the unstrained condition.
Thus the fractional change in rasistance can be written as,

DA 42ZAl13

T Lt i iteaaissarar e (3]
A E

Thus the out of balance voltage ZAIg measurad by the nanovoltmeter maintains
AA
a tinear relationship with —, giving a canstant sensitivity, The deviation
A
from 1inear relationship will only oceur if the corndition 1+KAA =1 does not

hold, It can be shown that the fractional error invelved from this assumption is
AA AA i
at most — in our measurements —— never excesded 10 which corresponds to

A A
a fractional error of 0.1%.

The bridge was calibrated by changing the resistance parallel to the 100 ohm
resistor in the arm N of the bridge. The minimum strasin that can be measured
without noise and drift is of the order of 107 corresponding to 1mm deflection
in tha panovoltmeter. The gauge factor of the gauges is 2.00 angd the ¥oltage

appiied to the bridge is two volts. Thus maximum strain sensitivity is 2.5x10°%,
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The sensitivity of the bridge can be increased further either by increasing the
current in the circuit or by using higher gain in the amplifier. The upper
useable 1imit 15 datermined by the maximum allowable joule heating in the gauges

and the signal-to noise ratio.
5.%.3 The choice of Dummy Material

The identical behaviour of the active and dummy gauges is the basic necessity for
justifying the use of a compensating gauge for all strain measdrements. The
nesrest approach to this condition can made by subjecting the two gauges to
identical strain and thermal conditions. In the present work glass is used as the

dummy material for its negligible thermal expansion.
5.1.4 The Specimen Holder

It is very important to keep the thermal environment of the specimen and the
dummy identical during the experiment. This is because both the specimen and the
dummy are subjected to the heating effect of the gauges and the temperature
affact on the active and the compensating gauge should be cancel out in order to
find the actual strain in the specimen under investigation. It is necessary
either to make the size of the sample and dummy large or to contain them in an
snclosure of Jarge heaf capacity. The latter method is maore convenient. A
cylindrical shaped enclosure of copper is used for this purpese and is shown in
the fig {5.2). The central portion of the ho&]ow cylinder is Provided with a
platform for supporting the dummy and the specimen on its opposite faces. A

metallic window 1is cut which can be closed after mounting the specimen.
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The emall holes are used to take the electrical leads to the specimen enclosure.
The specimen holder is fixed to a specimen rod which is a hollow glass tube. The
leads from the active and dummy gauges and alse the thermocoupte wires pass
through the narrow bore of the specimen rod and are conmected to the measuring

system.

5.1.5 Specimen Mounting

In mounting the specimens in the specimen holder the foliowing factors need to
be taken into accounts. The crystal must not be mechanically constrained in the
cementing process, otherwise the spontanecus distorticns of the crystal that
might occur due to temperature change or magnetic field will not be faithfully
be transmitted to the strain gauge. when the crystal is elastically soft but
highly magnetic, the mechanical ronstrain may cause the distortion of the
symmetry of the crystal. From these points of view the mounting of the specimen
should be quite flexible. On the other hand, to avoid any rotation of the
specimen due to torque produced by the magnetic anisotropy, the crystal must be
held sufficiently rigid with the holder. The best compromise betwesh these two
oppoging requirements is made by using a thin cork spacer between the specimen
and the base of the specimen holder. The specimen is glued to the cork and the
cork in turn to the specimen halder. The mosaic pattern of the cork spacer allows
the specimen to expand or contract quite freely hut constrains it from rotation
dus to body forces. The arrangement is found to work satisfactorily dowm to

liguid nitrogen temperature,
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5.1.6 Stratn gauge Bonding

The idea of bonding the resistance type strain gauge directly to the material was
concaived at California Institute of Technology in the application to a tensor
impact test, Rage at Massachusetts. Instituta of Technoalogy at about the same
time conceived the idea of bonding the wire to a paper and -then bonding the paper
with a common glue to the material where the strain is to be measured. This
bonded wire type of electrical resistance strain gavge consists of a grid of fine

alloy wire bonded to a paper base.

In use this gauga is cemented to the surface of the specimen. It is necessary to
have very fine scratches on the gauges and specimen surfaces. The specimen
surface is naturally teft with fine irregularities of six micron arder which is

the grain size of the grains of polishing paste used for specimen polishing.

Now some epoxy glue is applied to the gauge surfaces and the daltge area of the
specimens. Then the gauge is placed on the specimen surface and the small
Preszure is applied for two days on the gauge and the system is allowed to dry

at room temperature.

5.1.7 The D.C. Amplifier

To measure the small out of balance D.C. voltage, the model 140 Precision
hanovolt D.C, amplifier is used[2]. It acted as & potentiometric amplifiar. The
voltmeter has a sensitivity of 0,1 microvolt for full-scate daeflection, in the
highest sensitivity range. The model 140 has selectable gains in decade steps

from 100 to 100,000 Gain accuracy is F100 ppm; gain stability is 50 ppm per

77



three months. A wide dynamic range of input signal lewvels may be amplified on any

gain setting because the modal 140 has excellent linearity and low noiss.

The model 140 operates either from an A.C. power line when the power supply
switch is in the A.C. position, or from its battery in the battery position. For
most usas the instrument functions well in A.C. operation mode, Batter&
operation, may also be used when the A.C. Power line create ground loop or
isclation problems. Isclation from low to ground is complete for hattery
operation when the power cord is discohnected. Also, battery cperation 1s useful
to reduce modulation products which may appear at the output during A.C.

operation,
E.1.8 talibration of the Electromaghet

For the producticn of magnetic field a Varian Electromagnet of pole gap 35mm, is
used. The pole pieces of the magnet is of 12.6 cm diameter. The field versus
current curve (fig 5.8) for the magnet, is calibrated using Norma Electromc
Fluxmeter. Hysteresis effect is observed for increasing and decreasing currents
to be negligible. The maghet could be rotated about a vertical axis through the
centre of the pole gaps and cpu1d be locked in any position. The angular position
of the magnet could be read with the help of circular calibraeeted scale fixed
at the base graduated in degrees from 0*-360°. The specimen rod along with the
specimen holder is hanged from the base of brass plate. The base of the brass
plate is put on a heavy wooden platform, ThefspecimEﬂ holder along with glass
tube is hanged in such a manner that the specimen lies in the homogeneous

region of the magnetic field produced by the electromagnet.
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5.1.9 Strain gauge technigue

The strain gauge technigua[3] 1s used in magnetostriction measurement. The gauges
can be used on a very small disk shaped specimen cut in a definite
crystallographic 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 a8 thin foil and embedded in a paper or spoxy film, is bonded firm1y o
a specimen using a cement or some epoxky glue, it follows the stirain of the
spacimen and shows a change in resistance proportional to the strain,

We can write this relation as

dR dl
—_— =G . —
R 1
dr
wWhere —— is the fractional change in resistance, G is the gauge factor and
d?} R

— iz the strain atong the gauge direction.

1
Tha magnetic strain in the crystal is detarmined from the change 1n resistance
of the gauge fixed on the specimen in relation to the resistance of anothsr dummy
gauge bonded on a reference specimen using a resistance bridge in the out of

balance condition.



3.2 MAGNETOSTRICTION MEASUREMENT

5.2.1. Bridge Circuit sensitivity and calibration

A d.c. whetstons bridge principle in stightly out of balance condition is used
in measuring the fractional change in resistance in tha active gauge. A high
sensitivity nenovoltmeter of model-140 i3 used in the circuit. The bridge

sensitivity changes linearly with bridge current.

Bridge currents were restrictaed to a maximum of 25 mA to prevent overheating in
the gauge elements. The wheatstone bridge is shown in the figure {5.1). Here A
represents the activae strain gauge in contact with the specimen and D represents

the dummy gauge.

The dummy gauge is in the same environment as the active galge. Any thermal
fluctuations which oceured in gauge A, also cccured in gauge D and since these

are in opposing arms of the bridge, the net effect of the fluctuations should be

Igro.

By changing the resistance parallel to the 10 ohm resistor n the arm M of the

bridge the fractichal change in resistance per nancvoltmeter deflection is
b

measured. The fractions] change in resistance ——per Nanovoltmeter defisction
A

is found to be 2.5x1075.
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5.2.2 Orientation of the gauge position relative to the magnetic field

One feature of ferromagnetic substance is that they exhibit a fairly complex

change in magnetization upon the application of the magnetic field. Starting from

a demagnetized state (I = H = 0), the magnetization increases with an increass
of the fiald and finally reaches the satu;ation magnetization which is normally
denoted by I, . Similariy the strain due to magnetostriction changes with
increase of magnetic field intensity as shown in fig, (5.5} and firally reaches
the saturation value X, The reason is that the crystal lattice inside each domain
is spontanecusly deformed in the direction of domain magnetization and its strain

axis rotates with a rotation of the domain magnetization, thus resulting in a

deformation of the specimen as a wholel[4].

When the magnetic field s applied the magnetic domain wall movement starts. In
the initial state, if the magnetic field H makes an angle Ur; with the easy axis,
the magnetization takes place by the displacement of 1B0° domain walls until the
magnetization reaches the value I, Cos vy, during this process no magnetostriction
can be observed. The entire magnetization takes place by the displacement of
walls, among which only 90° walls are sffective in giving rise to the alongation,
Thus the magnetostriction depends on the case of displacement of 90° walls
relative to that of 180" walls[4], This gives rise io magnetostriction that is
changing lattice dimension. This magnetostriction effect can be looked at as due

to predominance of the strain axes in the direction of measurements.
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5.3 MEASUREMENT OF MAGNETCSTRICTION

The magnetostriction of Fe-Ni alloys of the composition Fe Mi, (x = 30, 35, 40
and 78} are measured by means of strain gauge technigue as a function of T1eld,
The magnetostriction {X) for different magnetic field is measured with a ML L
field of 4 Kilogauss. The measurements are confined to room temperature., The
measurements of magnetostriction for the allay system as a function of magnetic
Tietd direction s given in fig, (5.3) and (5.4). These values of the

magnetostriction are calculated by using the relation,

2 4R
A=zl — - —
3G A
dR .
Where sensitivity per nancvoltmeter deflection —— = 2.5x 107 and
Ft

G is the gauge factor.

By determining the difference in deflection in the nanovel tmeter for H altong the
tength of the strain gauge cemented on the specimen and in a direction

perpendicular to the length of the strain gauge snables one to calculate ).
The values of magnetostriction of Fe-Ni alloys of the compasiticn FepMiy, FepNiy

and FegNi, are listed in table {1}, (2) and {(3) respectively. And the wvalue of

magretostriction of FeyuMNiy alloy is very close to zerc.
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Table— 1
variation of Magnatostriction with magnetic field for Fey, Nia:n at room temperature

-

Gauge factor, G = 2.08

AR
Sensitivity per deflection -——= 2.5 x 107
R
Field current | Magnetic Deflection in AR Magnetostricti
{Amp) Field Nano —_ on
strength voltmeter R 2 Fils!
{Gauss) = e —
3G R
1 750 1.5 3.75x107 1.196x10° |
2 1400 3 7.5x107 2.3x107
a 2100 5 12.5x10% 3.987x107
4 2800 5 15x107 aaaxiot |
5 3500 6 15510 4.784x10°
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Teble - 2

Yariation of Magnetostriction with magnetic field for Fegi MNiyx at  reom
temperature

Gauge factor, G = 2.09

Senzitivity per deflection ﬂ; = 2,5 x 107
Field current | Magnetic Deflection in aR Magnatostric
{amp) Fiald MNang —_ tion XA
strength volimater R 2 AR
{Gauss) =
6 R
0.4 300 4 10x107 3.18x10°¢
0.6 450 7 17.5x107 5.58x10°
0.8 600 9 22.5x10" 7.177%10°
1.0 750 10 26x107 7.97ax10°
1.2 a75 12 sox107t 9,569x10™
1.4 1000 13 32.5x%107 10, 386x10°¢
1.8 1125 14 35x10°F 11,164x1G7
1.8 1250 15 37.6x10°F 11.881x107]
2.0 1400 16 40x1G7 12.759x147
2.5 1750 18 45x10°7 14.354%107
2.0 2100 19 47.5x307 15,151 %107
3.5 2450 20 50x10°7 16.948x107
4.0 2800 20 50x107 15.948x10°

86




Table -~ 3

variation of Magnetostriction with magnetic field for Fem Nim at room
temperature

Gauge factor, G = 2.09

Sensitivity per deflection 2 = 2.5 x 1@'5
A
Fieid current | Magnetic Deftection in AR Magnetostric
(Amp} Field Mano — tion A

’ strength wvoltmeter R 2 AR
{Gauss) = e e

36 R

0.2 3 7.5%10°" 2.39x107
0.4 300 5 16x107 4.78x107
0.6 450 g - 22 . 5x10" 7.17x10"
0.8 600 12 aox10t 9.56x%10™
1.0 750 14 35x107° 11.164x107
1.2 a75 18 anx o 12, 76x10°F
1.4 1000 18 asx107" 14,35x107
1.6 1125 20 0% 107 15,95x%107
1.8 1250 2z 55x10™ 17.543x107
2.0 1400 24 50107 19.14x107
2,5 1750 26 s5x1e 20,733x30°
3.0 2100 28 7010 22 328x10"
3.5 2450 28 HOSIk 22.328%10°
4,0 2800 28 . 708107 22.328x107
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5.4 RESULTS AND DISCUSSION

The maghetic ot quasi magnetic forces between atoms give rise to an expansion or
contraction of the lattice by opposing the purely elastic force between atoms.
The equilibrium distortion or megnetostriction cccurs when the sum of the two
corresponding ensrgies is a minimum. The linear magnetostriction is calculated
assuming that the magnetic forces between atoms can be simulated by magnetic di-

pole moments alohe,

The walues of magnetostriction thus caloulate for different specimens are
presented in fig. (5.5} as a function of applied field. The curves show that the
value of the saturation magnetostriction is lowest for Fe, Ni,, specimen and
increases with nickel concentration. On the other hand the magnetic field at
which the magnetostriction gets saturated is highest for Fe.MNi., alloy {at H =
2800 gauss) and is Jess for FegNi, {at H = 2450 gauss) and Teast for Feg,Nig(at

H = 2100 gauss).

The higher field needed to saturate the magnetization im alloys with higher
concentration of iron ihndicates that the domain wall movement in this case with
the application of the magnsetic field becomes mo?e difficuit because of the Tower
value of magnetization, the magnetic force acting on a domain wall being

proportional to the product of the magnetization and the applied magnetic field.

Since iron has positive magnetostriction and the magnetostriction of nickel is
negative, it i3 expested by the thumb rule that in an a]fﬁy of this two elements

magnatostrictive contributions from this elements will tend to cancell each | the
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other. This occurs in our measurements at around 78 at% of nickel. However

actual mechanism of maghetostriction being a complex phencmenon of spin orbit
interaction, crystal anisotropy and elastic constant, the magnetostriction of the
alioy is not likely to show any linearity in respect of the contributions from

the constituent elemsnts.

Magnetostriction as a function of specific magnetization of Fe-Ni alloys are
plotted in fig. {6.6}. This result is interpreted s follows. The 180° domain
wall movements do not coniribute to magnetostriction because the strain axes
remaing unattered in this case., The 90° domain wall movements on the other hand
give rise to magnetostriction. Magnetostriction against Magnetization thus
provides important information about the domain wall movements during the
magnetization process. As seen from the graph there is very 1ittle increase in
the magnetostriction with magnetization in the initial part of the graph(5.6).
This means initially the magnetization proceeds mostly by the 180° domain wall
movements. Magnetostriction increases as we proceed towards the saturation in
magnetization. This means that the final process of magnetization is mostly due
to 80" domain wall movement. Some change in magnetization occurs around this
point with out any corresponding change in magnetostriction. This, however, can
not be resolved complately; because the 90° domain wall movement and 180* domain
wall movament can happen simultaneousty. Since magnetostriction reach saturation
just before tha saturation magnetization is reached, it can only be said that

180° domain wall movement continues up to the satursticn magnetization point,

From the curve (5.6), it appears that for FeyMNly, alloy, the magnetostriction

increases linearly with the specific magnetization untit the material attains the
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megnetization value of 71 e.m.u./gm which is-nearly 702 of its saturation
magnetization valua. For FegNiy and FeyNi,, alloys the magnetostriction maintains
linearity with specific magnetization only up to the state where the materials
attains 50% of the saturation magnetization of 124 e.m.u./gm and t18 e.m.u./gm
respectively, Beyond which the magnetostriction for all the samples show a
nontinear behaviour untill the magnetostriction get saturated. it is observed
that magnetostriction attains its maximum value before the material attains the
state of saturation magnetization. For Fey, Niyy alloy, the material did not show

any megnetostriction up to the maximum applied magneticfield 3500 gauss.,

The saturation magnetostriction of Fe-Ni alloys at the composition 40 atx of
Nickel approaches towords maximum, Bozorth[5] associated this with the maximum
in the saturatian1 magnetization range of y—phase alloys[5] which is not the case
as appears from our result which gives maximum magnetostriction at 35% Ni. But
the magnetostriction of FepNis, Invar show anomalies associated with

antiferromagnetic y—Fe clustering in the ferromagnhetic matrix[6].

On approching the a = y phase transition boundary the magnetostriction of FepNiayg
alloy becomes very small. The minimum magnetostriction in Fe-Ni alloy near 30 atx
of nickel is mssociated with the lower or negligible saturation magnetization

maasured at room temperature,

These alloys are of special interest on account of their scientific and technical
importance and the related fact that the magnetdstriction becomes very small near
to zero as the nickel content of the alloy approaches around 80 atx of nickel of

this composition,
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CHAPTER & THERMAL EXPANSION IN Fe~Ni ALLOYS

6.1  THERMAL EXPANSION MEASUREMENT TECHNIQUE

In thermal expansion measurement, the same setup and procedure as used in
maghetostriction experiment is used except that the external magnetic field 1s
kept zero. The fractional change ih resistance per nano voltmater deflection is

found to be 2.3x107.

6.2 MEASUREMENTS OF THERMAL EXPANSICON

The specimen rod along with the specimen holder is hanged from the base of the

brass plate and is kept inside a glass tube of length 100 cm and diameter 3,58

-Cim. The lower end of the glass tube is closed. Liguid nitrogen is poured into the

glass cylinder 1n such a way that the sample holder along with the sample and
dummy are dipped in  the liguid nitrogen. The temperature of the sample 15

raised slowly from liguid nitrogen temperature of of 78%°K to room temperature,

dR

The corresponding change in resistance —  is recorded by using deflection of
the Keithly Nano—voltmeter for the sglcimen Feg, MNiy This is shown in the
fig. (6.2). The temperature of the sampie is sensed with a copper—constantan
thermocouple and is recorded using a Keithely "Autoranging Microvolt CMM, Model
19748", A calibratich curve of the thermocouple used is given in Tig.[(6.1) The

experimental data are shown in Table— (8.1) and the sorresponding  thermal

expansioh as a function of temperature is shown in curve (6.2).
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Table - 1

6.2 DATA FOR THE THERMAL EXPANSION MEASUREMENT

RIE T L Al

1 Thermo-emf Corresponding Daeflaction in
Cindmy) temperaturel °K) nano voltmeter

-5.61 78° 5

5,80 7g° 6 ]
~5.525 83° 10
-5,50 84° ‘ 11 3
-5.46 86° 13 j
5,43 36° 15 T
-5.34 93° T
5,25 93° | 18 j]
-5.15 103° __}__ g

~5.05 105,5° j 20 ‘
5,00 110° A

-4,93 113° 22

-4,90 114° i 23

-4,80 119° 24 i
-4.70 124° [ 25 :
-4.60 1267 27

~4.50 132* | 28

-4, 40 126° 29

=4.30 140° <o)

-4.20 144° 31

-4,08 149 33

-4,00 152° 34

-3,90 155° 35

~3,60 159° 36

-3.70 163° 37
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_'r J. .-

DATA FOR THE THERMAL EXPANSION MEASLIREMENT

Thermo—emt Cor;é:e.pond*i ng Deflection in
inimy) temperature{ *K} nanovoltmeter
-3.50 167° 39
~-3,50 1717 40
=3.40 175" 41
-3.30 178° 43
~3.20 16817 44
-3.10 1857 4%
—3.,00 188° 47
=2.80 191° 49
—-2.80 194° 51
-2.70 197° 52
-2, 60 200° K
-2.50 203° 54
—2.40 206° 55
-2.30 208° 55
=2.20 212° 56
-2.10 21&° 57
-1.%0 221° 58
-1.80 224° 59
-1.70 227° &0
—-1.60 230° &1
-1.50 233° Ge
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6.3

DATA FOR THE CALIBRATION CURVE FOR
COPPER-CONSTANTAN THERMOCOUFLE

Temperature {(*K) e.m.f. {my)
77.8 -5.62
B3.0 -8.525
83.0 -5.34
103.0 =8,.145
113.0 —-4.837
123.0 -4.715
133.0 —4.482
143.0 -4,235
163.0 -3.977
183.0 -3.7086
173.0 -3.424
183.0 -3.129
193.0 -2.824
203.0 -2, 507
213.0 ~2.180
223.0 -1.841
233.0 -1.4%3
243.0 =1.135
253.0 —-0.766

3 263.0 -(0. 388
273.0

0.000

ey '
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i Nanowvoltmeter

Deaflection

100
80 -
50
40 -
20K
] | }
122-33 122 - 43 ' 122-53 12261
Resistance in arm N of the wheatstone Bridge
Fig. 6.3 Deflcetion against change in resistance
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Thermal expension of Fee. Niﬂ al oy
Gauge factor =

' Fractional change in resistance per
nano voltmeter deflection = 2,3¥X10°

A Al P

’ 0%

i Deflection from

Daflaction from

Diffarance | 4R dl 1 dl
graph at graph at in —_— —- o=
Tamparatura, T,= | Temparature, T, |deflescticon R 1 a {T,-T))
110°% = JAD*EK dR
-— f
R i
! .
2 61 40 a.zxiot | 4.ax100 | 3.86x100 !
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6.3 RESULT AND DISCUSSION

The foo Fe-=Ni alloys at concentrations around Fe&NiE, show almost constant-
invariant—thermal expansion as a function of temperature in a wide range around
roam temperature {(guillame 1897}[6]. According to his results the linear thermal
expansion co-efficient a of Feﬁﬂiﬁ Invar at 300°K is about 1.2x10’51-('1[1,2], thus an

order of magnitude smaller than in the pure components Fe and Ni.

Unusually low thermal expansion was found out from some of the irreversible
iron-Nickel alloys and itz orgin was investigated as a link of the Invar

proflem[3,5]

From our experiment we have observed that the thermal expansion of FegMi, is
{3.66]):10“5. For FemNim alloy composition the apparent near zero thermal expansion
co—-efficient is explained as follows: In the compasition Femﬂiw and close to this
the volume magneatostriction is negative and the thermal sxpansion co-efficient is
positive. Thus volume magnetostriction compensates normal lattice expansion
resulting in the near-zero net expansion in a broad temperature renge centered
at & room temperature[4], The specimen used in the present investigation has a
composition Femhli,{| which s close to FegNip. The tinear co-efficient of FegNiy
measured by C.F. Guillame was 1.2x1[l“'5r{"1[1,2]. our measured value of a is In good
agraemant with the value obtained by C.F. Guillame, since both are very clogse to

Zarc,
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Chapter 7 CONCLUS{ON

Iron-Nickel alloys have been extensively studied as a magnetic material for last
one hundred vears, But the research in these alloys is still alive both for its
numerous applications and due o its complex and interesting magnetic
proparties. The measurement of magnetization and the study of its variation with
maghetic field are important for the understanding and characterization of Fe-Ni
alloys. Because the anomalous low thermal expansion of these alloys are due to
strong mutual dependence of the magnetic properties and valume
magnatostriction. There is an enormous interest n materials with zero thermal
expansion and high magnetic permeability due to their technological importance,
Atthough some matertals with very low thermal sxpansion and high magnetic
permeability are available commercially, their compesition and the preparation
technigues are usually not disclosed, There is also a great interest for

uhderstanding the mechanism responsible for these unusual properties.

Fe=Ni alloys of the composition FEmHNix {whern =» = 30,35,40,45,50 and 78) are
prepared from powders of pure !'ron and Nickel, The mixture is then pressed Into
the required form in a die using a pressing machine. The pressed sample 15 then
sintered at a température below the melting points of the constituents. Sintering
is essentially a process of bonding solid bodies by atomic forces,

The sintered sample of different compositim{s of Fe-Ni alloys are annealed at
1000C in a furnace for 15 hours followed by siow cooling., X-ray diffractometer
investigation are carried out on these samples to check their status and
homogeneity. From the metallographic study the structural characteristics of the
Fe-Ni alloys are observed. The present work therefore provide detail practical
information about the process of sintering Fe-Ni alloys by powder technique,
which is more economic, Since the understanding of the Invar problem is closely
refated to magnetization and magnetostriction and ther dependence on alloy
campositian, experimental study of these aspects constitute the major part of the
present work,
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2 vibrating sampte magnstometer (V.5.M.) is used for measuring magnetization of
Fe-Ni alloys, of different compositions. The linear increase of the saturation
magnetization in these alloys with iron concentration upto 65 at% is explained by
localized model. The sudden decrease of the saturation magnetization in iron
nickel alloys around 30 at® Ni is explained as due to negative iron iron nearest
neighbour exchange interaction. Both localized madel and itinerant electron theory

can ihcorporate this idea,

45 the magnstostriction of iron is positive and nickel is negative, it is expected
by tha thumb rule that in an alloy of these two elements magnetostrictive
contributions from these elements will tend to cancell each other. This occurs
in our experiments at around 78 at% of nickel. The actual mechanism of
magnetostriction being a complex phenomenon due to spin orbit interaction,
crystal anisotropy and elastic constants, cah not be explained quantitatively. The
magnetostriction of the alloys do not show any linearity in respect of the

contributions from the constituent elements.

Magretostriction against magnetization curves provide important information about
tha domain waill movements during the magnetization process. |nitially the
maghnetization proceeds mostly by the 180 damain wall movements. Magnetostriction
increases as we proceed towards the saturation in magnetization. This means that
the final process of magnetization is mostly due to 30 domain wall movement.

Thermal expansion of FeE,Ni{, alloy is measured using strain gauge technigue. Hare
the volume magnetostriction compensates normal lattice expansion rasulting in the
rear-zero net expansion in & broad temperature range centered at room
temperature.

aur measured values of magnetostriction agrees guite well with others worke.
However, cur values of magnetization of the allpy differ for the results of others.
This shows that the existing resuits have some uncertainties and our
measurement will contribute towards remaving these uncertainties.
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