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ABSTRACT

This .wp:r._'k, ia concerned -pr-edominahtly yith the properties of iron foil
_produdea by an industrial process of electrodeposition. The structural,
ﬁeché:ciical, .electrica.l and magnetic characteristics of the foil have.
been investigated but are fouﬁd to compare very poorly with those of
commercial soft magnetic sheet materials. Some improvem;nt in the
foil magpe‘tic properties can be effected by high temperé,ture heat
treatments, and a strain-anneal technique for producing a large grain
structure has been developed. The physical as weil as magnetic
properties of the heat tregted foil have been in(restigated, and .magngtic
doméin st.'_m_étures on the large grained foil have been studied using both
wgt and dry colloid techx;iques. In the heat treated state the foil
- has sho@ some potential value a,s- a magnetic shielding material and

comparisons with commercial mumetal shields have been made.

In wo-rk' conducted at the Synchrotron Radiation Facility at Daresbury

Laboratory the value of éynchrotron radiation as a tool for the rapid |
a.séessme’nt of the grain size, orientation and perfection of a

polycrystalline metal sheet material has been demonstrated and the
recrystallization of silicon—irdn at 1000°C has been studied. The

latter experiment represénts the first in-situ X-ray topogra.phic study

of crjstal growth under normal growth conditions.
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CHAPTER ONE
SOFT MAGNETIC MATERIALS

| 1.1 'Intro&ucfion_

The. iﬁportandé of .the mé,jor portion of soft ﬁagnetic materials used
1n the world today relatea to the production and use of electrical
power. | Withln thJ.s fJ.eld soft magnetic materials flnd a great
diversity o; appllcatlons, the most common being their use in rotors
of generétors and motors and in transformer laminations. The term
"goft" came into general use around the turn of the century, when
it was observed tﬁat the more easily magnetized materials were

physically softer than permanent magnet or "hard" materials.

_Thié wo#kfis concerned with a study of the physical and magnetic.
: propertieé of iron foil prodﬁced by electrodeposifion and of its

_possible use as a soft magnetic material.

11.2 Ferromagnetlsm
A ferromagnetlc material is one which exhlblts a magnetlc moment

even.in the absence of an applied magnetic field; this spontaneous

_ ﬁégnetii#t;on i3 the result of the tendency of the strongly coupled
B atomic-&ipélé'm;méntgito be aligned parallel. Above a transition
£em§erathre; knéﬁﬁ’as the ferromagnetic Curie temperature (T,) the
sfontangous magnetization disappears. Below.T,, under certain
conditions, a ferromagnetic material may exhibit no net magnetic
moment undér zero applied field, though the application of a small
field results in a large magnetlzatlon. This phenomenon can be
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explained by the existence of domains, posﬁlated by Weiss (1907),
which are small regions of the ferromagnetic matéria.l, each
spontaneously magnetized but not necessarily in the same direction.
Certain dbn;a.ih,configurations can lead to a net magnetic moment of
zero over the whole body of the ferromagriet. The importance of.
domains in explainiﬂg the magnetization procesé of a ferromagnet will

‘be dealt with in a later section.

The majority of ferromagnetic materials are metals or alloys; of
particular relevanée to'tﬁis work are the metals iron, cobalt, and

nickel, their alloys with one énothér and with other elements.

It is not proposed to discuss the theory of the existence of the
-gpontaneous magnetization of a ferromagnetic material; this is

covered in many works, including Morrish (1965).

1.3 Essential Parameters -
1.3.1 Magnetization Curve and Hysteresis Loop
The principal bulk property of a ferromagnetic material is the
existence of a large magnetization per. unit volume (M) with the
" applic#tion of a emall magnetic field (H) It is also found that
the M-H mgmeti;ation curve displays an irreversibility or hysteresis.
Similar effects are observed in the B-H ma@etiza;bion curve, where B
is the ma'.ghetic indﬁction or flux density defined as

| B =H + 47T M K (1.1)
In the c:.g.s electromagnetic units to be used here, B is measured
in gauss (G), E in oersteds (Oe) and M in erg 0e”' ca™>. It should
be nofed. that the values of B and M for a bulk specimen are not the

same as those in the finer units of structure called domains, the




former being an average over the latter.

Flgure 1.1 'ehotls a- typical B-H magnetization curve and hysteresis
loop for a ferroma@etlc polycrystalline matenal The tefertence
state for the magnetlzatlon curve is the demagnetlzed state (0) for
which B = 0 when H = O, If a field H is now appl:.ed to the sample,
the induction B increases until a saturation value Bg is reached.

By performing a cycle of operations consisting of decreasing the field
to zero, increasing it in the reverse direction, reducing it again to
zero and then increasing it in the original dinection, a hysteresis
loop is obtained. The important numerical parameters of the loop

are the residual or remanent induction (B,) when the field is reduced

. to zero, the coercive force (H,) which is the field required to

reduce the induction to zero and the area of the loop, which is a

.measure of the energy expended in taking the sample through the

magnetization cycle. This energy expenditure is known as the
lfxyeteres;i.e loss. Tl’le ratio B/H is known as the relative permeability
(W) vhere |

' L= 1 + 47K (1.2)
K is the susceptibility per unit volume given by the ratio M/H and is
measured in érg 0e~2 cm 2. Because the ratio B/H varies with applied
field, eeveral permeabilities can be def_ined for the magnetization
curve,. the'.niost important being the initial permeability o)
corresponding to the slope of the line Ox in figure 1.1 and the
maximu:.n.pemeabil:lty' q“"max) corresponding to the slope of Oy, If
the maximum field in the cycle of operations producing a hysteresis
loop. ie insufficient to saturate the sample, a minor hystereeis loop

is obtained. A series of such loops for increasing maximum field is

‘shown in figure 1.2. The tips of the loops in the first quadrant




Mapnetic induction (CGS)
B= M-t AxM

Magnetic field H

Figure 1.1 Typical magnetization curve and hysteresis loop for a

ferromagnetic material

Figure 1.2 Major and three minor hysteresis loops for a typical

ferromagnetic material (after Morrish,1965).




describe the magnetization curve of the sample.

Two important effects associated with 'férromagnéfic materials will

be mentioned briefly here.

1.3 2 Magnetocrystalline Anisotropy

It is foﬁnd tﬂat ,th.e maérletization curves for single crystals of
ferromagnetic materials generally show proﬁounced anisotrqpic_
properfi'es. Much smaller fielcis are ,required to 'magnetize to
saturation along certain directions than along others. The
cx'ystallog;ra.phic axes along which the magnetization tends to lie are
called easy directions; those along which it is most difficult to
produce saturation are known as hard direc'tion..s. In iron, which has
a body centred.cubic structure at room temperature. the {100)
crystallographic directions or cube edges are easy. The magneto-
crystalline anisotropy energy Fy is the energy required to make the
magnetization lie along a certain direction compared to an easy
direction. Fy can be specified in terms of anisotropy constants Kj
a.nd the angles between the magnetization and the crystallographic

axes.

1.3.3 Magnetostriction

Joule in 1842 first observed the phenomenon of magnetostriction, the -
property of a ferromagnetic material to change its dimensions upoia
a.pplicati;m of a magnetic field. Hence there is an interaction
between magnetization and strain. The linear magnetostriction (\)
is defineé as the change of iength per unit length measured in a
particular direction. It is apparent that this effect can lead ‘tj,o

stress in a ferromagnetic material, parficularly é,'polycx'ystalline




one in which the individual grains impose constraints upon one another.

1.4  Magnetic .D.om.a'.ins

As mentiénéd in section 1.2 elementary theory predicts that a
ferromagnetic material below its Curie te nperaturé should always
exhj:bit.a spontaneous magnétization irregpective of the applied field.
The observation that this need not be so in practice was exp'lained by
Weiss by the existence of small regions of material called domains.
Bach domain is sponta.rieously magnetized, but in a bulk material
domains of opposite magnetization can lead .to a nef demagnetized state.

In 1932 ﬁitter obtained visual evidence for domains.

The existence of domains can be e;cplained in terms of énergy
'cohsidera,tions by reference to the idealizéd representation of
figure 1..3. In the abéence of domains, the magnetostatic energy-
due to the free magnetic poies is large. By splitting into domains
the magnetostatic energy can be considerably reduced. However in
the re gion of the boundary between adjacent domains, known as the

doma.in_'wa,ll,l the elementary magnetic moments are no longer parallel

-

and in their I?refefred directions, so that an energy can be ascribed
to the ﬁqundaxy. The more boundaries which are present the greater
the .tota,l boundary energy. Hence the equilibrium domain

configﬁrétion is dec.ided by the competition betweeh the decrease in

the magnetostatic energy and the increase in the domain wall energy.

1.5 The Magnetization Process
A full discussion of the magnetization izrocess requires consideration
of inhon_ioéeneities in the crystal and stray demaghetizing.fields in

the material. We shall limit the discussion here to a few qualitative
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Figure 1.4 Motion of a) 180°and b) 90°domain walls under the

influence of a magnetic'field H.




features.

In the demagnetized state we consider a ferromagnetic material-as
coﬁsistiﬁg of domains of saturated magnetization (M,) lying along
preferred crystallégraphie directions with the net magnetization of
the aample over 411 the domains ﬁanishing. The application of a
magnetic field causes a force to be exerted on the domain walls which
mofe so that those domains whose directions of magnetization are
orientea‘favourably with reépect to the appliedlfield grow at the
expense of those which are not. The field does not appreciably
affect the ﬁagnetization within the domains. Figure 1.4 illustrates
schematically the direction of motion of 180° and 90° domain walls
under'tﬁe influence of a field. The Aistribution of defects and
imperfections within a sample leads to a varia£ion in the potential
_énergy of each wall which is schemajically repiesented in figure 1.5.
_As long as each wall remains within a potential trough its movement
is reversible. This corresponds to the initial shallow gradient
po:tion.of_the magnetization curve. The application of a larger
field causes walls to be pushed over pofgntial peaks and their motion
is no longer reversible upon removal of the field. For a sufficiently
latge field most of the walls will have been swept out of the material
and domains whose magnetization directions are most nearly parallel

to the field occupy mosf of the volume of the material. This process
is complete by the knee of the magnetizétion curve. At this stage
the sample is not saturated in the field direction pecause the
magnetization in each crystal is lying along thé eagy direction most
neariy parallél to the field. To completely saturate the sample in
the fiéid direction the magnetization in the crystals mﬁst be rotated

into the field direction. Because of the magnetocrystalline
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anisotropy energy this requires a large field. Magnetization rotation
is clearly a rgversible process and corresponds to the flatter portion
of the magnetization curve beyond the knee. The whole process is

illustrated schematically in figure 1.6.

1.6 Soft Magnetic Materials

1.6.1 TIntroduction

- The distinction between soft and hard magnetic materials is largely

arbitrary and is based primarily on the technical application to which

a material is to be put. Propérties which are usually required in a
soft magnetic material include a large saturation magnetization or

induction, small coercive force and remanence, large initial and

‘maximim permeabilities and small hysteresis loss. A coercive force

of less than 2 Oe is generally considered a requirement for a material
to be classified as magnetically soft. A large saturation
magnetiﬁa#ipn is achieved by choosing a metal or alloy with a large
atoniic magnetic moment. The other properties are improved by '
in'creasi‘ng' the freédom of movement of the domain walls. Inclusions,
cavities, grain boundaries and internal stresses all impede the
mobility of':tl_le domain walls and their effects must be minimized in
oider to achieve good soft magnetic characteristics. A low impurity
‘c.:oncentra'l.:ion- is necessary to reduce the effect of inclusions, whilst

stresses of a mechanical origin can be relieved by annealing. The

effect of inclusions on wall motion is also reduced by choosing a

material of low anisotropy constant, whilst stress effects are
minimized if thé magnetostriction is small. The subject of soft

magnetic materials is reviewed by Lee and Lynch (1959).




It should be notea that as soft magnetic materials are frequently
employed under conditions of alternating magnetization, their
eleétriqa.l‘ properties also assume considerable iﬁporta.nce; eddy
cu:r._'rents are drastically reduced by choosing an alloy with a large
electrical resistivit;v. Indeed Littmann (1971) gives the eddy
current loss (Py) in sheets of ferromagnetic material, on the
a.ssumlifion of uniform flux density throughoﬁt the thickness as
b, R2t7E2e2 (1.3)
- p

measured in erg cm ° 8 , where B is the maximum induction, t the

thickness, f the frequency and p the volume resistivity. A large
magnetoétriction is a particularly great problem in alternating

current a,ppiications because it contributes to noise in transformers.

1.6.2 Preparation of Soft Magnetic Materials
A few general methods of manufacturing soft magnetic materials will be

mentioned briefly at this point.

Metallic materials are normally made ﬁy melting and casting. In the
molten state the metal must be protec1.:ed from oxidation; this may be
achieved eithe:l':. by melting in a vacuum or inert atmosphere or by
coverJ;;ng the melt with a flux. The second a.ltemative suffers from

tﬁe disadvahtage that it may lead to the introduction of impurities_
into the melt. 'This problem and that of preferential evaporation

and segregation during solidification limit the precision of composition

of the alloy.

Several metals may be alloyed using a technique known as powder

metallurgy in which powders of the separate constituents are mixed,




pressed into a block and sintered at a temperature of about 1300°C.

The metals then alloy by diffusion but without melting. Iron, nickel,
cobalt, copper -and molybdenum but not aluminium may be alloyed in this

way. Problems of oxidation, contamination and composition imprecision

are eliminated by this technique.

Thin films of certain soft magnetic materials, in the thickness ra.ﬁge
30—10,060 2 can be prepared by depo'sitioﬁ from the vapour phase onto -
a heated base plate at about 300°C in the presence of a magnetic
field. i‘ilmé producéd in this way exhibit certain interesting

properties which will be mentioned in a later section.

1.6.3 Improvement of Soft Magnetic Qualities
Several techniques exist for the improvement of the properties of a

soft magnetic material once it has been shaped as required.

Anneal:.ng or heating for a tlme, often only a few minutes, in an inert
atmosphere causes recrysta.lllzatlon of the worked material and

- relieves thg stress introduced during the shaping p'rocess. Morg
prolongéd é.nnealing- sometimes further improves the properties by

'~ removing certain impuritieq such as carbon and nitrogen. Coercive

fqrce can usually be considerably reduced by annealing.

In some polycrystalline materials properties similar to those of a
single 6rystal can be achieved by systematically _a.ligning the axes

of the individual grains; this process is knowﬂ as grain orientation.
'A defomatlon texture is J.ntroduced by heavy cold working, usually
rollmg, and subsequent recrystalllzatlon produces a grain-oriented

state, ' This subject will be treated more fully in Chapter 3. For.
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fields appiied parallel to the rolling direction the hysteresis loop

is found to.be roughly rectangular, increasing the maximum permeability

and reducing the coercive force and hysteresis loss.

A similar effect can be achieved for some alloys by magnetic annealing,
that is applying a magnetic field to the material as it cools through

a certain temperature range.

1.6.4 Common Soft Magnetic Materials

In this section a few of the more common soft magnetic materials will

be mentioned and compared.

Iron:

Because of its abundance and excelient magnetic properties iron was the
fi;cst abft magnetic ma.t.erial to be exploited. Commercially pure iron
is melted under conditions which remove carbon and manganese but leave
the metal in a highly oxidised condition. -The'bxide inclusions are
large however and do not appreciably affect magnetic properties. Iron
has a large saturation induction of 21,500 G and commercially pure iron
has a coercive force of about 0.9 Oe which is not particularly small
compared with other soft materials. Reduction of this figure by
purification is prohibitively expensive and the low electrical
resistivity of 10 L2 em restriéts the use of iron to D.C. applications
. where eddjr current losses are nc;t present. Imn, however, remainé an

important soft magnetic material.

If commercial grade iron is not good enough for an application, an

alloy is usually used instead. Iron is most commonly alloyed with
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silicon, nickel or cobalt, depending on the required properties.

Aluminium has é similar effect to silicon but is more expensive and

consequently finds little commercial application in this field.

Silicon-Iron Alloys:.

Alloys of silicon with iron have been widespread since 1900. " The
addition éf silicon to iron does not greatly reduce the saturation
induction, but does.d:amétically reduce the anisotropy and
magnetostriction and also increases the electrical resistivity
sufficiéntly for A.C.‘applicationé to become feasible. Figure 1.7
shows the variation of the important properties of silicon-iron alloys
with coﬁﬁosition. The presence of silicon also'apparently ﬁakes it
easier to reduce the effect of inclusions and to increase the grain
size by_metallurgical treatment, both of which improve the soft
magnetic characferistics. A 1limit of about 6% silicon is imposed
by the decrease in ductility of the alloy wﬁich makes it increasingly

difficult to roll.

Very frequently silicon-iron sheet alloys are produced in a grain-
oriented state. The two usual configurations are the cube oriented
k100)]:001]2and the cube-on-edge or Goss (110) [001] textures. The
forﬁer has . two cﬁbe e@ges or easy directions in the plane of the sheet
and one pe:pendicular to it, while the latter has one easy direction
in the plane of the sheet in the rolling direction and two at 45° to
the plaﬁe-of the sheet. Cube oriented silicon-iron has similar
magnetic properties in the plane of the sheet both parallel and

perpendicular to the rolling direction, while Goss textured material
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has its best soft magnetic characteristics only along the rolling
direction. .The-particular application determines the choice of

material to be used.-

NickelfIron Alloys:

Nickel-iron alloys of many different compositions are employed as

soft maénetic materiéls. These are.generally known as permalloys.
The 50 Ni 50 Fe composition has the largest saturation induction in
the range, is easily purified and has a faifly large electrical
resistivity; In addition it is ductile and can be grain—orientéd
and magnetically.annealed. Another interesting composition is

78 Ni 22 Fe which possesses small magnetostriction and magneto-
crystalline anisotropy constants. Supermalloy which consists of

79 Ni 15 Fe 5 Mo 0.5 Mn exhibits the largest maximum perme;bility of
cémmercially available materials, and has a very small coercive force.
The elements present in small quantities have the effect of increasing
the ductility and electrical resiétivity,.as for example in mumetal .

(75 Ni 18 Fe 2 Cr 5 Cu).

Cobalt-irén Alloys:

Cobalt-iron alloys are also of interest despite the relatively high

.cost of cébalt and the difficulty of working the alloy. The 50 Co 50 Fe
composition has a very high saturation induction and although the
coércive'fprce is'qot particularly low, it can be improved by magnetic
annealing and theé inclusion of 2% vanadium which also increases the

ductility and electrical resistivity.




13

Evapoiated-on Films:

Thin films of soft magnetic alloys in the thickness range 30-10,000 '
produced by depoéition'from the vapour have exhibiféd some interesting
properties; Coercivities range from 1 to 300 Oe though obviously |
only the low values are of interest here. The composition 80 Ni 20 Fe
‘when dgposited in a_magnqtic field'p&ssesses an almost perfectly
iectangﬁlar hysterésis loop of inferesf for storage and logical devices

in computers.

Ferrites:

Ce:tain ferrimagnetic materials, known as ‘ferrites, have a very high

9

»

electrical resistivity of the order of 106 to 10 times that of iron
86 that edd& current losses are effectively eliminated even at very
high ffequencies. The saturation magnetization of these materials is

rather low however.

Table 1.1 compares typical figures for magnetic and electrical
éroperties of commercial soft magnetic materials. As this thesis is
concerned with the properties of iron foil the figures quoted are only

for materials that can be prepared in the form of sheets.

1.7 Eléctfo@eposition of Iron Foil

A gieat quantity of commerciél soft magnetic materials are produced in
sheet form for use in-formiﬂg laminated cores in:electrical applicatiops.
The production of sheet material from a cast metal or alloy is quite
expensi&e, requiring sévgral stages of rolling reduction with inter-
mediate stress relieving ammeals. The Sheffield firm of Hall and

Pickles, operating on a license from the Central Electricity Generating
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Board, have investigated the possibility of producing thin iron sheet
or foililby a process of electrodeposition which potentially has several
advantages over standard sheet production techniques. .The process
for the production of iron foil by electrodeposition will be outlined
in this 'se;fion; the d_iséussion is limited to information supplied by

the firm.

The ele¢trolyte is an acid aqueous solution of ferrous chloride at high
temperatui'e. which is fed continuously to the platix.ag cell. The cell
incorporates a horizontal slowly rotating t'itahium drum which acts as
a .cathod'é. This is partially wrapped with a .c'oncentric graphite anode
~which seﬁ_es,l in conjunction with seals at either end, to contain the
' electroiy‘ﬁe between the graphite and the .drum. The spacing between

the two electrodes is kept to a minimum to reduce ohmic dissipation

in the cell.

%

When a éurrent is passed through the cell, typically at 0.5 A cm_2,

ferrous ions are redﬁced to iron at the cathode .dru.m_

2
Fe-“" + 2¢ —> Fe,l, (1.4)
Ferrous ions are oxidised at the anode to ferric ions
2 Fe 2+. : 2 Fe O* + 2e (1.5)
OVeral_.l.
35Fe 2* __ e |+ 27e (1.6)

The ferric rich electrolyte leaving the cell is contacted with scrap
iron in the regeneration tanks

2Fe?t 4 Fe_, 37t | (1.7)
Equation 1.7 .is.'f'-'i;_l.ﬂi'e. reverse of 1.6. Since a current is required to

drive the de'ppé_i'l;idn reaction 1.6, the dissolution reaction 1.7 must

- 4
N LT
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be spontaneous. The reaction energy appears as a slight warming of

the electrolyte in the regeneration tanks.

As with all electfochemical systems there are competing reactions.
The most important oﬁe in'this process is the reduction of hydrogen
ions at tﬁe.cathode:
2HY 4+ 2 — _HZT (1.8)

Under normal operating conditions, the efficiency of iron deposition
is better than 90% utilization of current, with the rest producing
mainly h&drogen. Hydrogen production, apart from being hazardous,
causes hydrogen embrittlement and lattice défects in the deposited

iron which can have a serious effect on the mechanical properties.

The deposit of iron is easily peeled from the drum when it emerges
from the electrolyte because of the presence of a thin electrically
conducting layer of titanium oxide 6n the drum. , The thickness of the
foil is controlled by one or both'?f the current. density and the speed

of rotation of the drum, and is typically in the range 10 to 200 microns.

One of the major advantages of this process is that for thinner foils
production costs decrease, in contrast to the economics of producing
thin foilsby rolling. Another large benefit is the conservation aspect

as the foil can be produced from scrap iron.

Whether or not.iron foil produced in this manner has any commercial
. value depends entirely on its properties, and it is an investigation

of some of these which forms the major part of this thesis.
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CHAPTER TWO
PROPERTIES OF AS-PRODUCED ELECTRODEPOSITED IRON FOIL

2.1 Introduction

The properties of the electrodeposited iron foil, particularly in
relatibn to ité possible use as a soft magnetic material, are of great
intefest in assessing its potential commercial value. In this chapter
we will deal wifh various relévant propertieé‘gf the foil in its as-
produced form; 1later chapters will discuss varioﬁé vays of improving

thése characteristics.

During the course of the project, 17 samples of the foil have been
supplied; these vary in thickness from 12 to 155 microns. Most

" properties have been determined for all the samples and, where
appropriate, measurements were made in directions both parallel and
perpendicular to the direction of foi} production in order to determine
whether any anisotropic features are intro@uced by the manufacturing

process.

2.2 Chemical Analysis of Foil

fhe chemical purity of the foil is dbviously.a very important
considerétion, particularly as magnetic properfies are considerably

| affected by the presence of impurities. It.is to be expected that a
process of electrodeposition should yield a material of high purity and
a chemicél analysis, supplied by Messrs Hall and Pickles, of a typical

foil sample supports this view., The analysis is as follows:-
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Mn < 0.001% by weight
Cu 0.034%

Co 0.008%

Ni 0.016%

i < 0.01%

si < 0.002%

P < 0.0005%

s Probably 0.005%

C : About 0.002%

Thus the foil is better than 99.9% pure, a level attainable after
standard casting production techniques only fy purification; which

_ entails considerable additional expendi ture.

2.3 .Structural Properties

2.3.1 Macrostructure of Electrbdeﬁosifed Iron Foil

An' interesting feature of the foil is the disparity between its

thickness as measured using a micrometer screw gauge and that determined
indirectly for a sheet of known area.and mass using the value of density
of iron of . 7.86 g cm_3 quoted by Weast (1975-6). Figure 2.1 plots this
"caiculated" thickness against measured thickness for a considerable
numbei of foil samples >f all the thicknesses supplied. The "calculated"
thickness is systematically about 15% less than the measured thickness.
This fe#ture occurs because although the face of the foil which was in
contact with the titanium drum duriﬁg deposition is quite smooth and

_ lustrcué, the other side is rather rough and dull, this asperity being
included in the measured thickness. Except in the evaluation of the
mecﬁanical properties of the foil, the "calculated" thickness of the foil

will be quoted; the reason for the excepfion wiil-bé explained in the
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appropriate section.

'2.3.2 Optical Study of Microstructure of Electrodeposited
Iron Poil :

All pure metals, except those produced in single crystal form by
specia},techniques,-ére structurally similar, consisting of small, .
rﬁgghly pdlyhedral grains. EBach grain is a crystal in its own right,
despite the lack of a regular geonetrical outline. This feature is a
rpsult of the fact that none of the crystals has had £he oppdrtunity
for free growth, the grain boundaries being the'"gcciden;alﬂ meefing

" lines of'adjacént growing grains of different orientation.

The grain structure of a metal may be-studied using an opti;al
microscope. A flat metal surface gives a sectional view of the grains
which appear, after suitable efching, as polygonal areas éeparated by
dérk lines. Etching is necessary to reveal the grain structure; it
has the effect of chemically attécking the differently oriented gréiné
.§t slightly differing rates, leaving steéply.sloping surfaceé at the

| grain bpundaries vhich reflect incident light sideways and consequently
appear as dark lines. The optical microscope has an ultimate resolution

of about 0.25 micron and a similar depth of field (Bowen and Hall, 1975).

Optical.miéroscopy has been used.to study the grain structure of the
as-produced electrodeposited iron.foil. A flat, strain-free metal

- surface was first produced by mechanical gnd electrolytic polishing.
fhe mechénical polishing wﬁs performed on a Métais Research Multipol
polishing machine using successiveiy finer diamond pastes down to
diamond paiticles in the size range 4 to 1 micron,.and was continued

until fhé iron surface appeared scratch free to the naked eye. The
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gurface strain introduced by the mechanical polishihg was then relieved
by a short period of electropolisﬁing using tﬁe technique of Koves and
Pesch (1963)ﬂ The electrolyte consisted of 133 ml glaciel acetic acid,
7 ml distilled water, and 25 g Cx0;. Polished samples typically 1 cm
square. were produced in this way and the grain structure was then
revealed by chemically etching for between 5 and 10 minutes with a’
solution of FeClB in 30% hydrochloric acld. The grain structure was
observed u81ng a Vickers M17 Industrial Mlcroscope and a typical picture
obtalned from a foil sample of thlckness 155 mlcrons is shown 1n

fig‘lre ‘2.2.

It can be seen from the figure that the graln size of" the foil is :
rather small and irregular, with details of & size which is approachlng
the resolﬁtion 1imit of the microscope. It is not possible to make
more than a few seml-quantltatlve observatlons on the érain structure as
revealed -optically. The graln gsize, though rather irregular, appears
’to be of the order of a few microns on average. The grain structure
appears similar when etudied from either the rough or smooth sides of

the foil, and is similar for foil samples of different thicknesses.

Clearly ;t may be advantageous to study the grain strﬁcture of the
as-produced foil using a technique of superior resolution to optical
microscopy and with this aim in mind, the use of the scanning electron

microscope will be discussed in the next section.

2.3.%  Scanning Electron Microscopy of As-Produced
Iron Foil ’

The scanning electron microscope (S.E;M.) is an instrument designed

primarily for studying the surfaces .of solids at high magnification.
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It is superior to the optical microscope in both resolution (typically
0.015 micron) and depth of field (up to several millimetres). In the
S.B.M. a flne, high energy beam of electrons is focused to a point on
the specimen, causing the emigsion of secondary electrons w1th a w1de
spread of energies from that point. Eithe: these electrons, or the
straightférward back reflected primary elecirons are collected and
amplified to give an electrical signal which is used to modulate the
intensity of the beam of elecfrons in a cathode ray tube disblay.
Each point'on the cathode ray tube display corresponds to a point on the
éiecimen gurface. To build up a complete image the electron beam in
the microscope is scanned over an area of the specimen surface, while

the beam in the cathode ray tube is scanned over a geometricélly

similar area.

The gurface relief of the specimen under examination gives rise to what
is known as topographiq contrastf The yield of primary and secondary
electrons is strongly dependent upon both the angie of incidenée.of the
glectron beaﬁ and the angle of c&llectiqn of emitted electrons, so that
Yari;tioﬁg_in the local angle of inclination of the surface cause
Variations'in the intensity of collected electrons. " The image obtained
appears to be shadowed and exhibits a strikingly three dimensional form.
For further details of.scanning electron microscopy, reference is made to

Bowen and Hall (1975) and Booker (1969).

In the study of the grain structure of as-produced electrodeposited iron
foil, a Cambridge scanning electron microscope was used in the emissive
mode. Topographic contrast of the surface relief produced by the

polishing and etching technique discussed in section 2.3%.2 was employed
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to reveal the grain structure. Figure 2.3 shows a typical picture
obtained from a sample of foil of thickness 155 microns. The electron
beam accglerating voltagg was 15 kV, and 4 20 second scan was used to
ﬁrodﬁce the picture which was iecorded on standard 35 mm film. As in
the éase of optical microscopy of the foil, an irregular grain structure
is observed with éome large grains'up to 10 ﬁicrons abross separated by
siﬁilar regions displaying considerable substrugture of the order of a
micron orlléss in gize. Evideﬁtly the average g%ain size is of the
-"order of a micron,.cénfirming the data.obtained with the optical

microscope.

2.3,4 X-Ray Diffraction Studies of Iron Foil
The technique of taking x-ray diffraction or Laue patterns of a single
crystal for orientation purposes is well known; it can also be used to

yield information on the grain size and orientation of a polycrystalline

material.

The KO line of the chosen target element is used as an effectively
monochromatic source, the K‘31ine and continuum radiatiop being
considergbly reduced in intensity by the insertion of a suitable x-ray .
filter whose K absorption edge lies at a wavelength just below the Kt

line of thé:target element. The beam is collimated with a fine metal

tube.

When this effectively monochromatic x-ray beam is incident upon a
polycrystalline material, diffraction occurs from all grains which are

suitably oriented to satisfy the Brégg equation:
24 sin © = NnA (2.1)
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Here A is the wavelength of the x-radiation, d is the lattice spacing

. of the particular set_of diffracting crystallographic planes in the

grain, n is the order of diffraction, and O is the diffraction angle as
illustrated in figure 2.4 for both back reflected and transmitted
diffracted beams. In both cases, as A\ and n (normally unity) are fixed
and d has only discrete values, given fo; the body centred cubic structure
of iron by; - |
2 1% (2.2)

where a is the lattice parameter and (h, k, 1) the Miller indices of the

a = a@® 4+ x

diffracting' planes, it follows that the diffraction angle O can only
have discrete values. It should be noted in passing that:ciiffraction
theory imposes the restriction that the s.um of hy, k-and 1 be an even
integer. . _ .Bach set of diffracting planes can therefore give rise to a
diffracted spot on the recording'film which can lie anywhere on a circle
whose radius is determined geometxjically by the diffraction angle 9

and the specimen to film distance.

For a poil.jc;ystalline sample, the incident x-ray ;taeam may impinge upon
very many érains so that each diffraction condition is satisfied a
humber of times and each circle on the film exhibits many diffracted
spots.' If the grain size is very much less than fhg beam area, the
spots can overlap to form continuous rings and Adam (1960) gives
guidelines for estimating grain size from a study of the diffraction

~ pattern for a beam of diameter about 1 mm, a very typical figure. The

rings may be classed as:-

(a) Discontinuous or spotty; here a relatively small number

~of grains are irradiated by the beam and the average grain

gsize is greater than 1072 mm.
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(b) Sharp continuous; grain size of the order of 10—3 mm.

(c) Broadened continuous; appreciable broadening of the

rings becomes apparent with grains smaller than 10™F mm.

Any preferred orientation of the grains should lead to a concentration
of the diffracted spots at particular points on the rings, a subject

covered by Hargreaves (1960).

In the study of the as—ﬁroduced iron foil, both transmission and back
reflection Laue patterns have been produced. Molybdenum Kl radiation
(A= 0.711 X) was used with a zirconium filter (absorption edge \ =
0.687 X). . The tube voltage employgd was.50 kv at.a current of 20 mA.
The patterns were recorded on Polaroid 4 x.5 Land Film Type 57,
exposures of 20 minutes ﬂeing suitable. The spécimen to film
-separation was the standard 3 cm. Figure 2.5 shows a typical
transmission pattern obtained when the xX~ray beam passes normally through
a foil samp;e of thickness 45 microns. - The rings are identified,
v}oricing outwards, as the diffracted beams from the (110), (200), (211),
(220) and (310), lattice planes. Following the categorisation of Adam
the contiﬁuous nature of the rings suggésts a maximum:grain size of
about ‘IO-3 mm or 1 micron, in good agreement with optical and S E.M.
data. There is no indication of any preferred orientation in the plane
of the.foilq In order to determine ﬁhether any preferred orientation
exists pormal to the plane of the foil, several sheets of foil of
thickness.155 microns were glued together and a back réfleétion pattern

of the_sheet edges taken. Again no preferred orientation was observed.
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2.4  Mechanical Properties

2.4.1 Introduction

The méchanical properties of the iron foil are of interest both from an
acadeﬁic point of view and in determining whether the material could
withstand the rigours of any technical application. The data is also
valuable in a later chapter in assessing the feasibility of strain-

anneal techniques for inducing recrystallization in-the foil.

2.4.2 Thé Stress-Strain Curve

The réquiréd information is determined in a tensile test in which the
foil is strained at a constant rate and the load on the specimen

measured simultaneously with the extension. In oxder to fake into
account the physical dimensions of the specimen, the terms tensile stress,
defined as ioad per unit éross sectional area and linear strain, defined -

as extension per tnit'length are normally employed.

A typical stress-strain curve for a metal specimen is shown in figure 2.6.
The initial liﬁear portién of the curve corrésponds.to reversible elastic
elongation of the specimen as the atoms are displaced s}ightly from their
equilibrium positioné. Above the.yield sfress GJY) the curve departs
from linearity and the deformation becomes plastic. - If unloaded'now

the specimeh_would show a permanent extension. Plastic defprmation
takes piace by slip, that is the ﬁovement of favourably orientated
crystal planes over one another. This in turn occurs by the moﬁement.
of dislocations across the slip planes. The stress required. to move

the dislocations determines the yield stress of a crystal. Polycrystallihe
materialé are more difficult to deform than single crystals because the’

grain boundaries act as "strengthening ribs" inhibiting dislocation




tensile
‘stress

G—Y. S——

linear strain

Figure 2.6 Typical stress-strain curve for a polycrystalline metal.

<— 12 -3 .
0.8 14
] ¥ i .--.{l..-
3

Figure 2.7 Tensile test piece dimensions (figures in cm ).
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movement and preventing the formation of large slip planes. As plastic
deformation proceeds, more dislocations are generated; those moving on

_ intersecting slip planes.tend to interact and becqme entangled so that

é greater foi'ce is required to move them. Thus the stress contimies to
increase yrith strain in the phenomenon known as work-hard_ening; . A point
is reached where the applied load reaches a maximum as the decrease in
cross sectional area of the test piece is sufficient fo account for the
inc;ease in stress. E§entua11y the strain becomes localized and a
constnictidn or "neck" forms in the test'piece, the load drops and
fracture follows. The'subject of dislocations and the stress-strain

curve is covered by Hull (1975) and Martin (1969).

The yield stress of a metal ié dependent on many factors; " it increases
with deéreasing temperature, with increaéing strain rate and with
_ increasing'impurity_content. ﬁowever'all these facto;s are held
constant in the present experiment. fhé-dependence of yield stress on

grain size will be covered in a later chapter.

2.4.3 Experimental Technique
The properties which have been measured are the yield stress, ultimate

tensile stress and percentage elongatibn at fracture defined respectiveiy

as:-

Yield Stress = Load at Yield Point (2.3)
-Original Cross Sectional Area
Ultimate Tensile = Maximum Load (2.4)
Stress Original Cross Sectional Area
Percéntage Elongation = Extension at Fracture x 100 (2.5)

.at Fracture Original Length
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The tensile testing was carried out on a Hounsfield Tensometer. The
test piece dimensions are shown in figure 2.7. The foil is sufficiently
. thin to allow the test pieces to be cut out with scissors. ~ The width
and length of the gauge portion of the test pieces were measured with a
rule.and fhe thickness with a micrometer screw gauge. The shape of the
test pieqéé made it impossible to calculate the true foil thickness'as
detailed in section 2.3.1, so the measured thickness was used in
calculéting the cross sectional area of the test piece gauge portion.

A suitabié correction could be applied if desired using figure 2.1.

A sample load against extension curve for a foil sample of tﬁickness
101 microns is shoﬁn in figure 2.8. The curve wasluged in conjunction
with the meagured test piece width and thickness and equations 2.3 and
2.4 to calculate the yield stress and ultimate téﬁsile stress of the
tést piece. The pgrcentage elongation at fracture was calculated by

placing fogether the fractured portions of the test piece and measuring

the extended gauge length.

Each foil sample was tested three times in directions both parallel and
perpendicular to the direction of foil production. The average of the
three measurements for each case is bresented in table 2.1. An

estimated méasuring error is quoted. All tensile tests were performed'

at room temperature and at a straining rate of 1.6 mm min~ .

Six of the seventeen foil samples do not appear in table 2.1; of these

'sémples 7, 11 and 12 are very thin and tore at the grips of the

tensometer, sample 2 is very brittle and does not yield reproducible

results, and samples 16 and 17 were supplied'without information on the
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direction of production. - The other eleven samples produce fairly
consistenﬁ yield stress and ultimate tensile stress results, though the
percentage elongation figures are rather erratic. Uncharted variations
in depoéition conditions and impurity levels may well account forithe
differences. There is no apparent anisotropy in the properties, the
average yieid stress and ultimate tensile stress over all sa.mpies being
as follows:- F | |

Parallel - Yield Stress = 29.6 i-1.2 kg mm_2

38.4 X 1.5 kg m 2
2

Ultimate Tensile .Stress

I+

'Perpendicular - Yield Stress = 30.1
38.4.

0.9 kg mm—

I+

Ultimate Tensile Stress 1.2 kg mm-2

2.5  Magnetic Properties

2.5.1 Int_roductj'.on-

The 50 Hz magnetic properties of the electrodeposited iron foil are of
particular Iinterest in assessing whether the foil may have any alternating
cuﬁent applications. A hysteresis loop plotter has been constructed
to meaéure the coercive force of single strip samples of the foil.
Minor hyéteﬁsis loops have been used to coﬁstruct the magnetization
curve from which the maximum pen'leability'c'an be estimated. i'he design
of the loop plotter evolved from a study- of the general review of

Oguey (1969) and the single sheet tester of Yamamoto and Ohya (1974).
Figure 2.-.9 é_hows in block form the general. components of any hysteresis

loop plotter.

The primai'y coil, which is fed by the 50 Hz A.C. power sui)ply, supplies
the alternating magnetic field which magnetizes the sample. The field

" (H) in this coil is proportional to the current (I) flowing through it;




sample  integrator

N
[ & 8
A.C. g
power 1 —
supply| =
l——-—-'VVBAA-‘ a7

)

Figure 2,9 Block diagram of hysteresis loop plotter.

~ s
= - f
TS o T
L9 -
-

.......... B—-" ' ' _ © 2a=4.15¢cm
"""" 2 R bl e bbbttt B2 b=20.05cm

Figure 2.10 Solenoid dimensions.
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a signal proportional to H is displayed on the X-plates of the

oscilloscope by means of the voltage dropped across the series resistor

(R).

The signal induced in the secondary coil is proportional to the rate of .

change of induction dB of the sample; this is integrated and fed to
dt ’

the Y—plétes of the oscilloscope, so that the Y deflection is

proportional to the induction (B).

2;5_.2 . Details of Hysteresis Loop Plotter _

The deai.g:'n of the heart of the loop plotter, the coil system, revolves
aroﬁhd the ci’xoicé of- sample geometry. In the case of the electro-
deposited iron foil, a simple rectangular strip-is clearly most

convenient.

It is necessary at this stage to considerAt_h.e effects of the
demagﬁetizing field due to the free magnetic poles at the ends of a
ma.gnefized strip. Because of the demagnetizing effec_:t,. the field (H)
inside the specimen is smaller than the applied field (H,y,) by an
amount gi\_ren by M'I.where N is a demagnetizing factor dependent on the
saxﬁple géometry and M is the magnei':ization per unit volume of the .

sample.

B = Hppp— WM (2.6)
N can only be calculated explicitly for -ellix;soidal specimens; the
_solutioﬁs in the case of rod and strii: samples require approximations

and are very tedious. The effect of the demagnetizing field is to

- shear thehysteresis’ loop and magnetization curve in a clockwise manner,
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decreasing the measured values of the remanent induction and
permeabilities. The coercive force should not be affected as this is

the field corresponding to zero magnetization.

The problem can be eliminated by providing a flux closing yoke linking-
the two ends of the specimen in which case no free magnetic poles are
involved; Unfortunately it proved impossible to obtain a s1.1-itab1e yoke,
80 an open flux arrangement was adopted and corrections made to the
measured value of the maximum permeability. These will be described in

due course.

The pick up and magnetizing coils were des_igﬁed to accommodate strip
samples 5 cm long and 1 cm wide. It was decided that a solenoid
represented the simplest way of supplying the magﬁetizing field. It
is necessary to ensure that the fiéld in the solenoid is consta.n-t over
the length. of the sample. Pugh and Pugh (1960) give the field in

oersteds at a poiht on the axis of a solenoid as

H = 0.2TCNI (cosCL + cos B ) (2.7)
whére N is the ﬁmber of turns per centimetre, I the current in amps
and the angles and are defined in figure 2.10. The solenoid was
designed so that the field over the 5 cm length of the épecimen varied
by less than 1% and the final dimensions were as follows: solenoid

iength = 20.05 cm, mean diameter of windings = 4.15 cm and number of

- turns = 479. From equation 2.6 the field at the centre of the solenoid

is given by
H = 29.4 Oe A (2.8)
The pick up coil to measure the rate of- changé of induction of the sample

was wound on a hollow perspex former 5 cm long, 1.8 cm wide and 0.25 cm
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deep, up the centre of which the iron foil samples could easily be
slotted. A coil of 500 turns was found to provide adequate sensitivity;
sufficient in fact to detect the air flux in the gaps around the iron
saﬁple and in the perspex former. This cogtribution'to the output
.signal was removed by the inclusion in series of an identical pick up
- coil Qound 8o that in the absence of an iron sample the output from.the
two cpils waé always zero. The arrangement of the coils is illustrated
in figure 2.11. The pick up coil system, after integration, now strictly
meagsures (B-H) or 4TLM (equation 1.1) for the -iron foil but since B is
always of the order of 3 orders of magnifude gréater than H, the vertical
axis of the hysteresis loopé can effecﬁivély be labelled induction (B).
The ﬁhole pick up coil assembly could readily be inserted up the middle
of the éolenpid to a reproducible central position determined by the

location of a suitable ‘stop.

The electronic integrator which operated on the ocutput from the coil
system was based closely on that used by Mundell (1976).. A circuit
diagram is shown in figure 2.12. A1l other loop plotter components

were quite standard and will not be detailed here.

2.5.3 Results

Fifteen of the foil samples were teéted 3 times both in directions
parallel énd.perpendicular to the direction of foil produétion. The
foil strips were magnetized to saturation and the coercive force (H,)
meaéﬁred frpm the oscilloscope display of the hysteresis loop. Each
.figure iﬁ'table 2.2 is the average of the values obtained from the 3 test
pieces. An estimated measuring error is quoted. A sample hysteresis
loop for a foil sample of thickness 101 microns is displayed in figure

2.13.
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Figure 2.11 Arrangement of pick-up and compensation coils.
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Figure 2.12 Circuit diagram for hysteresis loop plotter integrator.
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Figure 2.13 Semple hysteresis loop for és-produ_ced iron foil. |




TABLE 2.2 COERCIVE FORCE OF AS-PRODUCED FOIL

Sample Nominal Coercive Force (Oe)

Fumber Thickness (ym) Parallel Perpendicular
| - : (= 5%)

1 45. 7.9 - 1.8
> IV 99 - 9.2
3 44 . 8.2 7.8

4 26 1.5 8.1
5 35 | 7.3 - 7.6
6 155 . 7.6 - 7.5
7 12 8.7 8.5
8 49 6.6 6.6
'9 -39 . 6.8 6.7
10 101 7.3 7.0
11 2 8.8 8.8

12 13 7.2 . 6.9
13 - 24 . T.0 | 7.2
14 . 35 7.6 7.5

15 48 6.8 6.9



N

From table 2.2 it can be seen that the coercive force is fairly consistent
for all the foil samples and is not systematically directionally dependent.

The average values of H, over all the foil sa.rﬁples are as follows:-

14

7.66 = 0.23 Oe

Parallel < Coercive Force

Perpendicular - -Coercive Force = -7.61 % 0.20 0e

As e'xplaifned' in section 1.%.1 the minor hysteres:gts. loops can be used to
coﬁstmct the magnetization curve of the' foil. ‘The maximum value of
the sinﬁgb:ifdal magnetic field in the sblenoid_was. raig_ed stepwise from
zero to éaturation, and a-t.each stage the minor hyst“e.x"esi_s loop was
photoéraphed. ‘I’he (3, B) co—ordinaﬂ_:.es of the loop tips in both first
and third qlié.drants was noted a_ﬁd averaged in.case ‘the loob was no't-
-accﬁrateiy centrgd on the oscilloscope -g;rati'cule'. 'i'he average values
of B and H were then plotted to. yield the magnetization curve of the
foil from which the maxlmum pefmeé,bility ‘can be estimated. Because of
-‘Ehe e.ffeci:'of the demagnetizing field the measured value of the ﬁaa_cimum
permeability is less than the true value.. The effect increases with
increasing foil thickness because the regions of free poles at the ends
of ‘the samples and hence the dema,g"nc-;tizing factor (N) increé.se. An
infinitely.thin sample would be expected to have no demagnetizing factor,
so the true max:.mum permeability has bee;x estimated by plotting *he
measured valué against foil thickness and extrapolating to zero thickness.
- Data w_aé obfained for three foil samples, the thickness being varied by
gluing together va.rioué numbers of strips. A set of magnetization
curves obté.-iﬁed in this way for one of the foil samples is shown in
fiéure 2.14.. The ﬁeasured maximum pemeabilify_ for all fhe samples

is plotted as a function of foil thickness in figure 2.15 and linear
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extrapolations were used to obtain values of maximum permeability
corresponding to zero foil thickness. The three values obtained are
fairly consistent and yield an average figure for the maiimum

permeability of 990 T 50,

2.6 Electrical Resistivity

2.6.1 Introduction and Apparatus .

Because ‘of the . lh;e;éé ',-depehdehce of eddy current losses on
eleétriéél resistivity mentioned in section 1.6.1 this property is of
gféét importance in'déciding whe£her the iron foil is likely to have

any alternating cﬁrreht applications.

A simple apparatus for measuring the resistivity of sfrip samp}es of
foil'S-cm long and 1 cm wide ﬁas constructed. The circuit is shown in
figure 2.16 and the sample holder in figure 2.17. A known cufrenf (1),
measured with a milliammeter, was passed through the strips which were
clamped at each end betﬁeen brass blocks supported on a perspex base.
The voltage (V) between two spot-welded ferminals up the centre of the
foil stfip was measured with a digital voltmeter (D.V.M.). The
reversing éwitch was used to pass the current through the foil in both
directions; the average value of V was taken. The separation (d) in
cm of the spot-welded terminals was measured with a rule. The cross
sectioﬁal area (A) in cn® of the foil was calculated from the measured
mass and length and known density of the foil strip. The resistivity

(R) in pS2cm of the foil is then given by

R = VA ' (2.9)




current - limiting
resistor

10 .
e Y ATAAYA iron sample

' - , #;,(////// .

D.C. . 4 '

power D.V.M
supply T

Figure 2.16 Block diagram of resistivity measuring apparatus.

spot-welded iron sample
. terminals V I

f:1 [ /

\
/brass blocks

|
g e

perspex base

Figure 2.17 ‘Diagram of sample holder used in resistivity

measuring apparatus.
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2.6.2 Results

Ideally the resistivity of each test piece should have been calculated
using the gradient of a voltage-current graph. However this would

' havé entailed fhe plotting of a very large number of graphs, so for
each test'strip the voltage was measured for a single current value

of 100 mA. A sample V-I graph for a test piece of thickness 26 microns
(flgure 2. 18) passes accurately through the origin and Justlfles the

- simplified means of calculating R.

Foil samples 7, 11 and 12 proved too thin to allow spot welding but 12
other foil samples were tested 3 times both in dlrectlons parallel and
perpendicular to the direction of foil production. The average values
of fesistivify ére quoted in table 2;3 along with an estimated measuring
error. Reéistivity is.expected to be an isotropic property and this

is confirmed by the lack of systematic variation between parallel and
perpendicular directions. The average values for the two direcfioné

are as follows:-

Paraliel - Resistivity

10.36 % 0.04 pfQen
10.39_1“"'0.05 LQen

'Perpehdipular - Resistivity

These.ialues are in good agreement with the resistivity of pure iron

quoted in table 1.1.

2.7 Summary and Conclusions

The properties of the as-produced electrodeposited iren foil will be
sﬁmmarized Briefly here:. Chemicall& the foil is better than 99.9%

‘pure by weight. Macroscopically the foil possesses one smooth, lustrous
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Figure 2.16 Sample voltage against current graph obtained from

" resiativity'measuring apparatus.




TABLE 2.3 RESISTIVITY OF AS-PRODUCED IRON FOTL

Sample Nominal - Resistivity ( [LQdcm)

Number Thickness ( m) Parallel Perpendicular
| (%)
T 45 10.5 10.4
2. | 44 10.3 10.8
3 44 10.6 " 10.6
4 26 10.5 10.4
> 35 10.3 10.4
6 155 - 10.3' 10.3
8 49 . ' 1043 10.2
. 9. 39 10.3 10.3
10 101 10.2 10.1
.13 24 10.4 : 10.4
14 35 10.4 .10.5

15 48 10.3 10.3
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gide and one rough, dull side, the roughness giving rise to a measured
foil thickness which is systematically about 15% higher than the
"calculated" value. Oﬂ the microscopic scale, the foil has an
irregular, fandomly oriented grain structu;e with an average grain size
of the.ordér of a micron. The physical properties of the foil which
haye been investigated'display no diiectional dependeﬁce in the plane

of the foil, and generally are not systematically dependent on the-fpil )

thickness.  Numerically these properties can be summafized as follows:-

14

" Yield Stress = 29.8 - 0.7 kg mm_-2

Ultiméte Tensile Stress

38.4.5 0.9 kgm °

Coercive Force 7.63 t'0.15 Oe

990 £ 50
10.37 ¥ 0.03 Lem

Maximum Permeability

Resistivity

If these fiéures are compared with those in table 1.1 for.commercial

soft magneﬁic materials; it can be cléarly seen that the electrodeposited
iron foil as ﬁroduced has very little value. In subsequent chapters

the possibility of improving the magnetic characferistics of the foil

" by various heat treatments will be discussed.
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CHAPTER THREE
GRAIN GROWTH PROCESSES IN METALS

3.1 Introduction .

In Chapter 2 -it has been shown that the magnetic propérties of the
as-produced electrodeposited iron foil are unexciting comparea with
commercial alternatives. However, means of improviﬁg magnetic |
behaviouf do exist, and these rélate largely to increasing the mobility
of doﬁain yallé, a subject mentioned in section 1.6.1. In particular
.it should be possible to soften the foil magnetically by altering the
grain structure by a suitable heat treatment; an increase in grain
size and, if poséible,'the achievement of a degree of grain orientation

should both prove advantageous.

In this chapter the subject of grain growth and its study will be
discussed.. .Reference is made in particular to the reviews of Beck (1954)

and Christian (1965); other works will be mentioned where applicable.

3.2 Gradual Grain Growth

éfadual, or normal, grain growth is defined as the uniform coarsening
of the grain structure of a stress free metal maiﬁtained at a high
temperature. The driving force for this process is due to the
tendency fo minimize the surface free energy of the grain boundaries.
In o#de? to achieve a reduction in this energy the grain boundaries
“tend to straighten by ﬁ;grating towards their centres of curvature
ana the driving force is proportional to £1 -1 + T, =1 where r, and

x, are.the two principal radii of curvature in mutually perpendicular
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directions of a local section of boundary. Harker and Parker (1945)
have shown that approach to equilibrium also requires the migration of
grain boundaries so as vo minimize the surface tension forces exerted
at a grain edge by the three grain boundaries intersecting at it. |
Smith (1.9_48') showed that the true equilibrium configuration of grain
boundaries would only be realized if each grain had the shape of a
hinimum a;rea tetrakaidecahedron. This situation is most unlikely to
~be found in any real specimen however, and any déviation from it at
any point in a polycrystal must result in continu'.ed boundary migration
in the wﬁole_ specimen because of the tendency oi; ,the deviation to
spread to other areas.  Hence true.equilibrium in a pure material

is not achieved in practice unfil the whole sample- is converted into

a single c_:ryétal .

If it is assumed that the instantaneous rate of grain growth is
ﬁroportional to the instantaneous value of the excess grain boundary
free_ energy per unit volume a parabolic relationship .fo_r the increase
of average grain size with time on isothermal annealing can be derived. -
This is represented empirically by:

I (3.1)

| where Do is the average .grain diameter before annealing, D is the
average grain diameter after amnealing, t is the annealing time and.
C and n are parameters which depend on the temperature but not on D.

The instantaneous growth rate is given by:

& = =noD " /n o (3.2)
dat -

Since n is always less than unity, the growth rate decreases with
increasing grain size. Theoretically n = 0.5 and good agreement for

pure metals has been found by Peltham (1957) and Bolling and Winegard
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(1958) whilst Beck, Kremer, Demer and Holzworth (1948) and Burke (1949)
have obtained values between 0.056 and 0.6 in cases where the effects

of impurities and inclusions are important.

It has already been mentioned that, in principle; grain growtﬁ should
continue until the whole specimen is a single crystai. However it is
usually .observed that a limiting grain size is reached after which
grain growth yirtually ceases, This is-due to the presence of
inclusions which inhibit grain boundary motion. As the grain siie
incréaséa during gradual grain growth the driving force foi further
growfh decreases until the inhibiting effect of the inclusions is.just
.-sufficient to prevent further growth. The ultimate grain size achieved
is stablelover'lopg periods of anneal and iﬁcreases'with'increasing
annealing température. The ultimate grain diameter D can be shown
(Zéner, i948) to be given approximately by:

D = - (3.3)

4
. . f
where d is the average diameter of the spherical inclusions and f the

volume fraction of inclusions in the specimen.

"In sheet méterials the ultimate grain size is often fouhd to be close

to the sheet thickness. When grains approach the thickness.of the
sheet, the radius of curvature of the grain faces increases much more
rapidly than the average diameter of the grains and when the limiting
curvature imposed by equation 3.3 is reached, growfh-stops. In very.
thin sheets, however, one might expect some two dimensional growth tq
occur éfter the gfains have reached sheet thicknéss size since the grain

boundary radii of curvature would still be rather small and the driving

force for growth quite large.
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3.3 Annealing of Cold Worked Metals

3.3.1 Introduction

When a metal or alloy ig deformed at low temperature it becomes sfrain;
hardened due to the increase in the number of dislocations and other
imperfections vhich impede dislocation motion. Mechanical and many
other physical properties are measurably changed by the cold working,
but can be induced to return to their orlglnal values by heat treatment.
If this is achieved without changlng the orlglnal grain structure of
the metal the process is known as recbvery, but at higher temperatures
most metals undergo a discontinuous change in gra,ln structure known

as re,cx:ystalllization in which new strain-free grains consume the
deformed structure. Primary recrysta.llizai:ion' is followed by normal
grain growth or in certain circumstances by a highly selective grain
-g;'dwth known as seconda:r."y recrystallization, but the change in most
physical propertieé is virtually complete by the end of primary

recxysta.iliza-tion.

Titc_heﬁer and Bever (1958) have shown that between 1 and 15% of the
energy expended in deforming the metal is stored, by meané of increased
dislocation and defect densities, in the metal and this energy provides
the driving force for recovery and primary recrystallization. The

remainirig energy of cold work is dissipated as heat.

The precise details of recovery and recrystallization processes vary
dramatically from metal to metal and are dependent on a large number

of parameters, but a few general observations will be covered in the

following sections.
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3.3.2 Recovery

As mentioned above, recovery is the process by which the mechanical
and physical properties of a cold worked metal can.be restored to
something.like their original values without altering the grain
structu;e of the metal. Structural changes do take pléce within the
grains themselves however, the original déformed grains breaking up
into a number of smaller sub-grains of almost identical orientation
leaving thé original grain boundaries undisturbed. This process is
known as.pol&gonisation after the early work of Cahﬂ (1949) who studied
the effects of amnealing bent zinc crystals. The driviﬁg force for
the formation of a polygonised structuie arises from the strain eﬁergy
of the dislocations trapped inlthe material by . the deformation process.
These dislocationé.can reduce their energy either by mutual annihilation
of ;ppogite dislocations or by asseﬁbly of dislocations into.more or
less regular arrays which form the boundaries of the sub-grains. The
sub—giains themselves are'consequéntly relatively defect free, wh;ch
accounts.for the recovery of physical properties resulting from _'
polygonization. The misorientation at the sub-boundaries has been
obséfved to vary from a few minutes to several degrees. Once a
reasonably perfect polygoniséd structure has been forﬁed; the strain
energy is stored by the dislocations in the sub-boundaries, and this
surface energy can lead to sub-grain growth in a mamner which is exactly

analogous to normal grain growth.

Polygonization can take place at temperatures well below those required
for recxystallizafion; indeed in the case of aluminium, polygonized
structufeé form during the deformation (Kellar et al, 1950 and Hirsch
et al, 1957). Lightly worked specimens may be induced to polygonize

into a structure which is sufficiently stable that no-recrystallization
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takes place at higher temperatures. Conversely a very heavily worked
metal may recrystallize without detectable prior polygonization.

Impurities dppear to inhibit polygonization and to reduce the rate of

sub-grain growih.

3,3.3 Priﬁary Recrystallization

Primary recrystallization is the process by which a cold worked metal

“or alloy un&ergoes a complete change in grain structure, with new
‘strain-free grains growing into the deformed matrix until the latter

is completely consumed. The driving force for the process is a
consequence of the stored energy of cold work ihtroduced by the
deformation. For deformation at room tempefature the proportion of

the stored energy removed by recovery processes prior to recrystallization
varies from 0% for high purity copper to 70% for commercial purity nickel.
However it is well established that some of the original stored energy

is necessary to effect recrystallization and this remaining energy is

then removed in proportion to the volume of the material that has

recrystallized.

Experiments on the kinetics of primary recrystallization have shown
that the volume percentage transformed as a function of annealing time
follbws a sigmoidal relationship, as shown in figure 3.1, in which
thé reaction rate is at first very low, then increases to a maximum
 before finaily decreasing again. Such a process gan_be described in
terms. of two simultaneous processes, namely the nucleation of new
grainé and their subsequent growth. A certain incubation period is
observed before the first new grain appears. Stanley and Mehl (1942)

and Anderson and Mehl (1945) have used a statistical metallographic
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technique to study recrystallization kinetics and found that the
diameter of the largest recrystallized grain increased linearly with
time. The rate.of hucleation, that is the rate of increase of the
number of'recrystallized grains per unit of untransformed volume, was

found typically to be represented by a curve such as figure 3.2.

The kinetics of recrystallization are_critically dependent on a large
‘number of external variables, in particular temperature, amount of
strain, material purity and the orientation difference between a
recrystalllzed grain and the deformed matrix into which it is growing.
A minimum deformation is requlred before recrystalllzatlon can take
place, wh11e the graln size of the recrystallized product decreases
with 1ncrea51ng straln. The temperature at which the recrystallization
rate becomes appreciatle and'the time taken to complete the
recrystellization process both decrease with increasing deformation.
Impurities usually reduce the recrystallization rate by inhibiting
grain boundary motion, whilst boundary mobility generally increases
with rrcreasing erientation difference between the growing grain and

its surroundings.

3.3.4 MNucleation in Primary Recrystallization

Althouéh the growth of new grains after a perioe of incubation is
readily eeserved by metallographic means, the origin of the nuclei of
.these grairs is not certain and indeed different tﬁeories may be
applicable in various circumstances. It is certain that a strain-free
'nﬁcleus mist be above a critical size if it is to be capable of growth
inte a deformed matrix. At the critical size, for a small amount of
growth the free energy gained from the additional volume transformed

is just sufficient to compensate for the free energy reduired to
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increase the interface area.

In Cahn's theory (1950) essentially strain-free regions of very small.
size' form by polygonization during the early stages of annealing.
‘I'hié thermally activated dislécatiori rearrangement is not' strictly a
nucieation process apd the apparent incubation period corresponds to
a.;l _initial stgg;e of very slow growth. This latter phenomenon has
‘been ei:piained'by Cottrell. (1953) as follows. The initial boundary
between a growing region ana its surroundings will bé a low angle type
a.nd consequently relatively i@obile, .but as’ the hucleus grows into
matrix material of strongly diffe;c'ing orientatior; a boundary of much

greater mobility is formed.

An al'tei'ﬁat_ive model for nucleation is based on fhe. obéervat_ions of
Beck and ngi»ry (1950) and Bailey (1960) that recrystallization can
start from high angle grain boundaries present in the samp;te before
defoMtion, This "strain induced boundary migration" model requires
a local difference in dislocation density across the:two sides of.a
.gr'ain'boxmdary, causing the boundary to bulge out into a spherical cap
creating a dislocation-free region. The rate of increase of Iinear
dimensions of the growing grain is calculated to be a minimum when
the grain is hemisph.erical (Bailey and Hirsch, 1962) which can lead to

the apparent incubation period observed experimentally.

Both models appear to have areas of applicability. ~ The strain induced
bouhdal;y migration mechanism is apparently prevalent at low to medium.
defbrma;tj.ons and certainly requires a polycrystalline matrix. The

. Calm—Co;tjtrell model predominates in single crystals or severely

deformed ppiycrystals in which most of the recrystallized grains
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originate within the deformed grains. Neither: theory is strictly a
nucleation and growth process, though the operational definition of

the nucleation rate remains valid.

3.3.5 Secondary Recrystallization

If a metal is maintained at a high temperature after the completion
of primary recrystallization, the average grain size continues to
linc;easg by one of two processes. The more common mechanism is that
of gradual grain growth, which has already ﬁeen covered in section 3.2
but under certain circumstances a highly selective growth of only a
few grains, known as secondary recrystallization or coarsening, can
sccur. The favoured grains attain a size which is very much greater
fhan that of the surrounding'matrix and eventually consﬁme it
aitogefher. Secondary recrystallization displays the same apparent
nucleation and growth characteristics as primar& recrystallizafion,
but the driving force for the reaction is rather different, being the
tendency to reduce the grain boundar& surface energy as in gradual
gréin growth. Secondary recrystallization is only observed in
maferials in sheet form. In order for complete secondary
recrystallization to occur, the primary recrystallized grains must
remain small relative to the larger grains which consume them.
Inhibitipn of normal grain growth may be achieved either by the
ex;stence of a strong primary recrystallization texture in which case
all the grain boundaries are of the low angle type and consequently of

low mobility, or by the presence of dispersed second phase inclusions

which irhibit grain boundary motion.

A stable growing nucleus must be large enough so that the surface

energy gained by shortening the interfaces between the matrix grains
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adjoining the nucleus must be at least equal to the surface energy
lost by the corresponding extension of the nucleus-matrix interface.
In general the nmucleus for secondary recrystallization is a grain
already present in the matrix after primar& recrystallization
selected'for growth by virtue of its large size, its orientation and
the‘relatively weak inhibition at its boundaries. The observed
incubation period in secondary recrystallizatioﬂ corresponds to an
initial period of slow growth and, in the case of inhibition dependent
_ coarsening, may also be affected by the rate of re-solution and

coalescence of the dispersed inhibiting particles.

3.4 Grain Orientation

"3.4.1 Introduction

The sﬁpérior properties of single crystals of mést ferromagnetic
materials along particular crystallographic directions suggests the

_ production of useful polycrystalline materials by control of the
crystallographic texture. The texture of a polycrystalline material
is the distribution of the orientations of the crystal axes of the
inﬁividual grains with respect to some reference directions. A non
random texture is known as a preferred orientation. In the case of
a sheet material the texture is specified Qith respect to thé plane
and edgés of the sheet. The usual notation is to specify first the
crystallographic plane which lies parallel to the plane of the sheet,
followed by the crystallographic axis which lies parallel to the
fblling:direction. The subject of textured magnetic materials is
reviewed. generally by Graham (1969) whilst Littmamn (1971) discusses

iron and silicon-iron textures in particular.
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%.4.2 Sources of Texture
Three of the most important sources of texture in metals are

solidification, deformation and annealing after deformation.

Pormation of texture by solidification is achieved by pouring the
molten metal into a mould with a cold bottom and insulated side walls
so that solidification begins at the bottom and proceeds upwards

through the metal. Columnar grains result which in the case of

" cubic metals have a (100) direction or cube edge parallel to the

column axis. This technique is particularly useful in forming
Alnico permanent magnets which are brittle and incapable of being

cold rolled and recrystallized.

Deformation textures result when a polycrystalline material is
plastically deformed, but cold worked metals are of no use for
magnetic applications and deformation textures only'have value as a

step towards an annealing texture.

Annealing textures occur when a deformed material with a non random
textﬁre is heated so that it undergoes primary recrystallization.

The annealing texture is usually different from and sometimes sharper
than the deformation texture. Secondary recrystallization can
resuit in a different and often much sharper texture. Face centred
cubic nickel-iron alloys develop a sharp (100) [001] or cube primary
recrystallization texture when annealed after severe cold working of
about 95%. Further annealing gives secondary recrystallization to .

a less sharp (120) [001] texture.
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3.4.3 Grain-oriented Silicon-iron

Oriented silicon~iron alloys are the most important textured magnetic
materials in terms of volume and value of material used. The
benefit of preferred orientation is derived from the superior
magnetic properties of iron along the (100) direction. The
addition of silicon, apart from improving various physical and
magnetic properties as outlined in section 1.6.4, eliminates the
.face centred cubic'y phase for compositions with greater than about
2.2% silicon, allowing high temperaturg heat treatmgnts to develop
texture. Two textures are commonly froduced;. these are the Goss
or cube-on-edge (110) [001] texture and the cube (100) [001] texture

which are illustrated schematically in figure 3.3,

The first successful process fof making orienfed silicon-iron sheet
was that 6f Goss (1934) who produced the (110) [001] texture by a
process.involving.two stages of cold rolling with an intermediate
anﬁeal at 800-900°C in a reducing atmosphere and a final anneal at
1100°C in a non oxidising atmosphere. The process has been modified
évéi- the years to improve the degree of orientation but the (110) [001]
texture. can be produced under a fairly wide range of conditions.
Métailurgically the texture arises due to secondary recrystallization
with impurity inhibition of gradual grain growth. Both manganese
aﬁd sulphur were present as incidental impurities when Goss made his
breakthrough, and May and Turnbull (1957) showed the impo?tance.of

MnS particles in develcping the texture. Other second phase
inclusions have a similar effect to MnS, nearly all of which involve
carbon, oxygen, sulphur or nitrogen. These elements must be
eliminated from the fin@l product as they contribute to high hysteresis

loss.



Figure 3.3 Schematic representation of the a) (100)[001] and

b) (110)[001] textures (afier Graham,1969).
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Goss textured silicon-iron shows excellent magnetic properties in the
rolling direction but much inferior prOperiies in other directions in
the plane of the sheet. For applications such as U-shaped fransfo?mer
laminations a sheet material with good magnetic properties both
parallel and perpendicular to the rolling direction is desirable and
led to the development of the cube (100) [001] texture with easy
directiong in both these directions. The production of silicon-iron
with (100) planes in the plane of the sheet can be achieved by
secondary recrystallization under conditions in which grains with (100)
planes parallel to the sﬁeet surface have lowest energy. The surface
energy mechanism is especially effective in thin sheets, for which the
surface areé to volume ratio is higﬁ, aﬁd can be applied to the
production'of tapes for magnetic amplifier use. Taguéhi et al (1964)
have produced cube textured silicon-iron after cross cold rblling

using aluminium nitride inhibitors.

The properties of Goss and cube textured silicon-iron in the rolling
di;ection are comparable. Perpendicular to the rolling direction
cube textured material is vastly superior to the Goss texture, though
slightly inferior to its own properties in the rolling direction.
However the advantages at the cube texture have generally proved

insufficient to offset the higher production costs.

3.5 Observation Techniques

fhe'direct observation of the kinetics of grain growth and
reérystéllization processes is complicated by the hostile environments
normaliy required to bring about the structural changes to be studied.
In géné?al optical techniqueé are ruled out because of the high

temperatures .involved, although Tardy and Iskander (1969) have observed
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directly by optical mic;ography the recrystallization of lead at
room temperature. The slight etching action of a continuously
-circulatihg electropolish was used to reveal the positions of the
moving grain boundaries. This technique, however, is limited to low
mélting point metals which can be induced to recrystallize around

room temperature.

In general high temperature processes are studied by statistical
metallographic techpiques, such as that employed by Stanley and Mehl

| (1942) to study the recrystallization kinetics of giliconJiron.

Large numbers of equivalent samples were annealed for different
~pefiods_of time and the propoftion of material recrystallized at each
stage was determined planimetricaily. The same sample cannot be used
throughout the experiment because the etching process necessary to
-reveal the grain boundaries can impede their subsequent motioﬁ. This
techniéue is clearly extremely tedious, though it has been improved
slightiy'by Decker and Harker (1950) and Seymour and Harker (1950) who
used an X-ray diffraction method to estimate the fraction of matérial
reérystallized. This technique relies upon the fadt tﬁat certéin
.Bragg reflections have markedly different intensities for cold worked
and recrystallized material, but still requires the use of a large

number of samples heated for different times.

' ﬁ#idently.there is considerable scope for the development of.a.
teéhﬁiqﬁe for the direct observation of the kinetics of grain gfowth
and recrystallization processes at high temperétures, and the

| possibility of using synchrotron radiation in pursuing this aim will

be examined in Chapter 4.
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CHAPTER FOUR

APPLICATION OF X-RAY SYNCHROTRON TOPOGRAPHY TO
STUDIES OF POLYCRYSTALLINE METAL SHEETS

4.1  X-Ray Diffraction Topography
4.1.1 Introduction
foay diffraction.topography ig concerned with techniques by which a
topographical display of the microstructural defects in a crystal ean
.be qbtaiped. Simply considered, contrast is obtained by'the'point
to point variations in the diréctions or the intensities §f X-rays
that have been diffracted b& a cfystal. If the Bragg condition is
satisfied for radiation of w-avelength)\ incident af an angle ©  to
the Bragg planes of gpacing d, strong diffraction occurs where

N\ = 2aein® T (aa)
If part of the crystal is locally distorted or miso;iented, the 3ragg
condition is not satisfied for the deformed region and a local
variation in the intensity of the diffracted beam is observed.
ﬁé%ails of the mechanisms of contrast are covered in the book (1976)

‘and review article (1977) of Tanner.

4.1.2 Conventional Techniques

A few techniques for obtaining x—ra& diffraction topographs using
coﬂventional laboratory x-ray generators will be outlined in this-
se;fion. The methods divide into those usiﬁg chaiaéteristic and

those using continmuous x-radiation.

Charécteristic radiation methods include the Berg-Barrett and Lang




techniques. In the method originating from the work of Berg (1931)
ahd Barrett (1945), illustrated schematically in figure 4.1(a), a
single cryétal is set to Bragg reflect the characteristic radiation
from a chosen set of lattice planes usmg an extended source. A
doubllng of the image of any defect occurs because of the different
angles of diffraction of the KOy and KOl lines, but this can be
rendered negligible .by placing the photographic recording plate close

to the crystal.

'fhe Lang (1958, 1959) method is the most co_mmonly.used topographic
technique and is illuétrated in figure 41(b) _ The beam from a

fine focus generator is highly cbllima;ted 86 that only the KO1 line is
diffracted by the cﬁosen lattice planes of the crys.tal. The whole
speciqlen ié viewed by traversing the crystal and film together .across
the ribbon X-ray beam. Geometricé._l- resolution approaching 1 micron

can be achieved by placing the film within sbout 1 cm of the crystal.

Continubus i'adiation techniques have the advantage that the crystal
does not need to be set to a precise angle to obtain Bragg reflection,
since each. set of lattice planes selects its own wavelength to satisfy
the diffraction condition. Schulz (1954) used the reflection mode
with a m:_i.érofocus tube source, whilst the equivalent transmission
techhiéue was developed by Guinier and Tennevin (1?49). ~ The two

techniques are illustrated schematically in figure 4.2.

In the giohtinuous radiation techniques the beam at the specimen is
sufficiently large for the entire sample to be imaged. Because the

ra';iia.tién is white the Bragg condition can be satisfied simul taneously
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for several sets of lattice planes, each of which selects its own
diffracting .wavelength, and several images of the crystal are
obtained just as in Laue pictures. In addition, bent crystals can
be imaged, with the continuously va.rying Bragg condition being
satisfied by different wavelengths. To achieve reasonable
geometrical resolution in the laboi’atoxy', long exposure times are
necessary, but in recent years coptinuous radiation topography has

been advanced dramatically by fhe.use of syﬂchrotron radiation.

4.2 Syhcﬁrotron Radiation

An electrc;n constrained in a circular orbit by a magnetic field in a
synchrotron or storage ring em:its electromagnetic radiation. The

total power radiated is proportion_al to the fc;ﬁrth power of the electron
energy (E), the electron current (I) and the inverse of the orbital
radius (R) At relativistic electron velocities the radiation is
emitted in the laboratory frame as a narrow cone (figure 4.3) whose

angular divergence ()) is glven at short wavelengths by

2
~ Dgc - (4.2)
b = = |

vhere my is the electron rest mass. ~ The beam is totally polarized
in the o_rbit plane for radiation emitted along the tangent to the orbit:

and highly. elliptically polarized otherwise.

The ra&ialtiné electrons differ slightly in velocity due to betatron
and sjnéhrotron oscillations and their differing harmonic frequencies
. blur intS a cortinuous spectrum extending through the visible and
ultraviolet to- the x-ray region. The spectral distrJ;.bution can be

characterized (Tomboulian and Hartman, 1956) by the critical wavelength




Figure 4.3 Synchrotron radiation cone (after Ta.nner,1977).
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Figure 4.4 (after Lea,1978).
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()\c) defined as

A= 4LLE [mgcz] g (4.3)

. The intengity’ distribution peaks at 0_.42)\c and at shorter wavelengths

the intensity falls rapidly so that )‘C is important in determining
vwhether a machine will be useful for x-ray physics. Figure 4.4 shows
the radiation spectra for various synchrotron radiation sources. The

experiments reported in this chapter were performed using the synchrotron

_NINA at Daresbury Laboratory. When operated at an electron energy of

5 GeV, NINA had a critical wavelength of 0.93 X and an angular divergence
of about 1074 radians. The intensity of synchrotron radiation is
typically of the order of 10'3 times higher than that from conventional

X-Tay sources.

4.3 Synchrotron X-Ray Topography

Because of radiation hazards the experimental. ‘area at Daresbury
La.b'oratozy.is gsituated some 50 m from the electron orbit, the
synchrotron beam propagating along an evacuated beam pipe and emerging
through a Be window. At the_ experimental end of the pipe lead slits
allow an intense, highly parallel beam of continuous radiation about
1cm squ:a.re' into the area. X-ray topography using the Schulz or
Guinier and Tennevin techniques can be performed with the synchrotron
x-radiatioﬁ. When the synchrotron beam is incident on a crysfal each
set of lattice planes selects its own wavelength td satisfy the Bragg
condition and a pattern of Laue spots is obtained. Because the beam
is large enough to cover the e'ntire. area of the crystal; each Laue spot
is an image of the crystal, revealing as much information as a

conventional Lang topograph. The best resolution obtainable for this
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technique can be easily estimated with the knowledge that the NINA
effective source size is about 0.5 mm square. The resolution in both
horizontal and vertical directions is giveh by.

r = xD (4.4)
L

where D is the source dimension, L the source to specimen distance

and x the specimen to film separation which is typically 5 to 10 cm.
Substitution &ields a best geometrical resolution of 0.5 to 1 microns.
Hart (1975) and Tamner et al (1977a), working under optimum conditions,

have achieved experimental resolutions approaching this figure.

Streaking of images is a common feature of synchiotron X-ray

topﬁgraphs. In a bent lattice, the Bragg angle varies continuously

but all 3ragg relations can be satisfied because of the ;ontinuous
nature of the radiation. The image appears to be spread out across the
film, perpendicular to the Bragg planes. The amount of léttice
curvature can be estimated from the length of the streak and the specimen

to film distance.

Synchrotron radiation has several advantages over conventional techniques
in the field of x-ray diffraction topography, the most important of which

can be summarized as follows:

1- The very high intensity of the radiation leads to a reduction

in exposure time of 2 to 3 orders of magnitude.

2 ‘A resolution of 1 to 2 microns can be obtained for relatively

large specimen to film separations of 10 to 20 cm.



5 ©No critical adjustments are necessary and large amounts of

space are available round the specimen.

4  The continuous nature of the radiation allows images to be

obtained from ‘bent crystals.

4.4 Study of Time Dependent Microstructural Changes
using X-Ray Diffraction Topography

The study of dynamic physical processes is of great interest, and in
many cases x-rays prove to be the sest way of imaging the particular
changing characteristic under study. For instance x-ray diffraction
topography is weJEI. established as a technique for observing crystal
defects and dislocations, and N}fst-a.nd Sérensen (1966) and Baudelet
and Champier (1973) have observed directly changes in dislocation
densities in aluminjum single crystals during thermal treatments up to

400°C bj building simple resistance furnaces onto Lang cameras.

However the rather stringent geometrical requirements of conventional
techniques limit the amount of apparatus which can be incorporated
into the experiment. The changes to be studied often require very
high or low temperatures or large magnetic fields, all of which involve
bulky equipment. The advantages of synchrotron radiation outlined

in the previous section have made it a very powerful tool in the study
of time dependent changes at the microstructufal level. Step-by-step
experiments can be performed succéssfﬁlly undex;-"conditions which would

be impossible with conventional techniques.

Bordas et al (1975) have studied the phase transition in barium titanate



25

o}
at about 130 C; here the intensity of the synchrotron radiation reduced
exposure times to 15 to 30 seconds, obviating the need for elaborate
temperature control.

Step-by-step domain wall motion in KNiF, was observed by Tamner et al

3
(1976) and Safa and Tanrer (1977, 1978) using a large electromagnet
which could not possibly have been incorporated into a conventional Lang

camera.

Furthermore Tanner et al (197?b) have demonétrated that there is
sufficient intensity to allow the x-ray beam to pass through 8 mm of .
glass cryostat without unacceptable increase in exposure time, so that
synchrotron radiation clearly has the potential to allow the study of
dynamical microstructural physical processes in hostile environments.
It is this realization which prompted the successful attempt to study
the recrystallization kinetics of silicon-iron at about 1000°C which

will be described in a following section.

4.5 Synchrotron Topography of Polycrystals.

Guinier and Tennevin (1949), using a laboratory point source of white
x—radiétion, produced topographs of polycrystalline aluminium and iron.
Each grain of the polycrystal produced a Laue pattern of spots, each
correspopding to the dimensions of the grain. The relative geometrical
dimensions and positions of the images yielded information on the size
and orientation of the grains. Steinberger et al (1977) have studied
the microstructure of vapour grown ZnS polytypes using synchrotron

radiation and observed structural changes on heating to 250°C.
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Using the Synchrotron Radiation Facility at Daresbury Laboratory it
has been démonstrated (MacCormack and Tammer, 1978) that the grain size,
perfection and orientation of polycrystalline sheets can be rapidly

qssessed using synchrotron radiation. For transmission work the beam

. passes normally through the speciﬁen and'a'film placed about 10 cm

' behinq the.samplé records the Laue topographs for all grains covered by

the beam area.

Figure 4.5(a) shows an example of tﬁe images obtained from a commercial
shegt of silicon-iron. The dimensions of each image, corrected for the
geometrical image distortion, correspond directly to the grain size and
different reflectiong from thé same grain can be identified.- In this
example the boundaries 6: the images are quite sharp, indicating a
discrete, mosaic bloék stru§ture with liftle strain within each grain.

There is however a large spread in orientation of the grains.

Figure 4.5(b) shows a similar synchrotron Laue topograph of a sheet of
iron foil whose average grain size was determined‘mic:oscopicaily to be
about 50 microns. Again there is a iarge-orientation spread, and in
additioh a.degree of strain is seen to be associated with the material,
as evidenced by the streaking of some images normal to the Bragg planes.
In both fhe above cases, the electron beam energy and current were

4 GeV and 15 mA respectively and. the topqgraphs wére recorded on 10

micron thick Ilford L4 nuclear emulsion with exposu:e times of 14 minmutes.

Two more topographs of different commercial silicon-iron sheet material

are included for comparison (figure 4.5(c) and (d)). Both were recorded
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on Polaroid 4 x 5 Land Film Type 52. Figure 4.5(c) shows a fairly
la.fge grained, well oriented sheet and was recorded with a beam power
of 4 GeV and 22 mA and an exposure time of -90 seconds. The sheet
yielding the topograph shown in figure 4.5(d) has a rather smaller,
more ra.ndém]y oriented grain structure and was recorded with a beam

power of 5 GeV and 12 mA and an exposure time of 8 seconds.

4.6  Application of X-Ray Synchrotron Topography
1;0 in-gitu studies of Recrystallization

4.6.1 Introduction

~ In Chapter 3 the desirability of a direct means of observing fhe
kinetics of the recrystallization_ process at high temperatures was .
mentioned, and in this section the preliminaz;y studies of the application
of sypchrqtroi; x-radiation to this problem a.re' reported. It has been
shown in'_section 4.5 that the individual grains of a polycrystalline
sheet can be imaged usihg synchrotron radiation, so it should be possible
with the desi@_ of suitable apparattis to obsérve thé growth of such

grains during recrystallization from a cold worked sheét.

4.6.2 Apparatus and Experimental Technii_;ﬁé‘

The_ma.'l;.eri.al studied in the _reerysta.lliza._fion experiment was a commercial
silicon-iron. sheet coﬁtaining 3.5% silicon. .- The sheet had previously
been cold rolled so that its thickness ha,d been reduced by 85% to a
final vé.lue <‘>f 370 microns. As with the studieg of polycrystalline
shéet at rbc.>m temperature, we require that the synchrotron beam passes
normally through the sheet, and that the diffracted beam can be

recbrded__ on a suitable film placed within about 20 cm of the sgmple.'

The problexﬁs to be overcome in the recrystallization experiment are the

inéorpdra.tian of a suitable furnace to heat the sheet to temperatures
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around 1000°C and the containment of the sheet in an inert atmosphere

to prevent oxidation.

The apparatus used in the experiment is .shown schematically in figure
4.6. The sample of silicon-iron, 2.5 x 2 cm2_ in superficial area, was
cut from the cold ro]_.led sheet and supported in a vertical plane by a

| simple holder fashioned from graphite. The holder was pushed inside a.
cylindrical aluﬁina tube 4 cm in diaz_neter and 1 m long which in turn .was
supported inside a resistance heated furnace. A pla."tinum/platinum - 13%
rhodium thermocouple linked to a-.Eurothem 'tempex;ature controller allowed
the temperature of the specimen to be maintaiﬁed at about 1000°C. A
brass fitting sealed to the cold end of the alumina tube with a rubber
'0! ring allowed the tube to be evacuated by a rotary pump and filled
witﬂ high pﬁrity argon, the pi‘ocedure being repeated 5 times to reduce

the level of residual oxygen to minimal proportions.

The synchrotron radiation beam entered the alumina tube at the cold end
through a mylar window in the brass fitting and passed along the length
of the tube to strike the silic'on-iroﬁ -sheet normally. Diffracted
beams passed through the hemispherical closed end wall of the alumina
‘tube and were recorded on Polaroid 4 x 5 Land Film Type 52 situated

20 cm from the sample. Considerable heat was radiated from the hot end
of the furnace, so the film was cooled with a stream of cold air. The
alumina p.roduced a hdlo around ‘the direct beam but images of individual

grains were not observed.

A little care was necesséry in arranging the furnace geometry so that

the angle of divergence of the emerging x-ray beams was'su.fficient to
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enable a reasonable fraction of the Laue pattern to be recorded. Once
the furnace hé.d reached 1000°C, after about 100 minutes, micrographs
were taken sei;uentia.lly. The electrén beam energy and current were
5 GeV and 7. mA respectively and exposure times of 30 seconds were found
to be adequate. However, because of the beam area search proceduré in
operation at the Daresbury Laboratory a total inteI:val of 2 minutes

between each data point was unavoidable.

4.6.3 Results

No diffraction pattern was obtained from the s;mple initially, because
of the la.rge. amount of deformation introduced by the cold rolling.

In run 1, 31 minutes elapsed after reaching 1000°C before any
reci'ys'tallized grains appeared on the film, and the grains then
continued to grow for a further .18 minutes until they had all impinged
on one another and recrystallization ceased. Figure 4.7 shows a
sequence of micrographs of the growing grains. It can be seen that
the. iﬂcubation period for all the grains covered by the beam area was
very similar, all grains appearing between 31 and 33 minutes after
reaching 1000°C. There is very little strain associated with the
recrystallized grains at any stage during their growth, and the
recrystallized grains are large a.n@ display .a small orientation spread

around a preferred direction.

Images of several grains can easily be identified throughout the
sequence, though there is a tendency: for the images to overlap as the
grains approach their ultimate size. . This _problem would not occur of
course in é, more randomly oriented array of grains. However the areas

of five separate grains were measured throughout the sequence and the









square root of the grain area, a useful parameter related to the grain

linear dimensions, is plotted as a function of time in figure 4.8.

At small grain sizes, the rate of radial growfh is approximately
constant and nearly equal for all five grains. The general shape of
the curve is very similar to that obtéined for Fe - 1% Si by Stanley
and Mehl (1942). The average value for the rate of change of grain
diameter was measured as 5.5 : 0.3 micron sec-1 which is in good
agreement with the value of 5.8 micron se.cz'-1 reported by Spychal (1977)
for similar material at 1000°C, using a standard metallographic

statistical technique. The average final grain area is 15 g mm2.

Unfortunately with the fairly unsoPhisticated'apparatus-used, it was
impossible to reproduce the results of the experiment on successive
runs. In run 2, at the same nominal temperature of 1000°C, the
recrystallization commenced almost immediately after reaching the
.maximum temperature and was complete aftef only 8 minutes. The
recrystallized grains were smaller, with an average area of 10 * 4 mm2
and rather more widely distributed-in orientétibn. It is assumed that
the temperature in this run was somewhat highér than in the first., It
was found that a temperature gradient of 5°C mm-1 existed at the position

of the'sampie and hence small changes in the location of sample and

thermocouple could have resulted in a significant temperature difference.

It is interesting at this stage to consider the contrast within the
individual grain images. Gastaldi et al (Miltat, 1978) have observed
the growth of large recrystallized grains in polycrystalline aluminium

annealed at 350°C using synchrotron radiation, and were able to observe
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the generation of individual dislocations duriné the growth process.

In the present expe;iment Polaroid film was used as the recording medium
because of its greater resistance to the radiated heat and the shorter
exposure times permissible and this does not have sufficient resolution
to allow imaging of individual defects. However the wavy contrast

seen on the Polaroids is very similar to that apﬁearing on the Ilford L4

_nuclear emulsions (figure 4.5(a)) which were obtained at room temperature

from a commercial silicon-iron shee.t. Iﬁdi?idual defects could not be
resolved in the nuclear emulsions; this is presumably because the
dislocation density in the grains of the silicon-iron is high, although

the long range strain effects are clearly small.

4.6.4 Conclusions

The experiment represents the first in-situ x-ray topographic study of
crystal growth under normal growth conditions. The very high intensity
of synchrotron radiation allowed toﬁographs to be taken directly through
the closed end wall of the alumina tube and permitted very short
exposure times so that a significant numbep of discrete data points
could be obtained during the relatively short period of grain growth.

In addition, good geometrical resolution could 'be achieved even with

the film some 20 cm from the sample,_and c}early the experiment would

have been impossible using a conventional laboratory x-ray source.

Improvements in the experiment can be envisaged, particularly with

regard to the temperature measurement and cpntrql so that reproducible
quantitative data can be extracted; A furnace in which the specimen
is heated directly by the passage of an electric current and in which

thermocouples are welded to the sample would allow accurate temperature
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_ measuremeﬁt ‘and also eliminate the troublesome warm up period. In
addition, the development of direct ima.giné systems for x-ray topography
would overcome the disadvantages of step-by-step photographic recording.
Ho_weyer further developments were rendered impossible by the closure

of the Synchrotron Rédiation Facility at Daresbury Laboratory and the

lack of a suitable alternative synchrotron radiation source.

4.7 Synchrotron Topography of the Q-'Y Phase ’I‘ransition_
in Iron : ) .

4.7.1 Introduction

Below 916°C iron posses;es a body cenfred cubi.c structure, known as the
Q- phase but at this temperature it undergoes a phase transition to the
face centred cubic or Y- phase. .An attempt was made, u;aing the
apparatus described in the previous section, to study the microstructural

changes accompanying this phase transition. A sample of electrodeposited

iron foil of thickness 45 microns was used in the expefiment. :

4.7.2 Experimental Technique and Results

The apparatus and experimental technique werée the same as those
described in section 4.6 for the rec:c:ystailiﬁation experiment. 'The
iron foil was heated to a maximum nominal temperature of 1000%C over a
period of 140 minutes. Topographs were taken of the foil using
Polaroid 4 x 5 Land Film Type 52 at intervals of 100°C during the
heating. The beam energy and currént were 5 GeV and 20 mA respectively
and exposures of 10 seconds were .adequafe_. The initial grain size of
the electrodeposited iron foil is of the order of .1 micron and no
diffrac_tion pattern was obtained at low temperatures because of the -

resolution of the Polaroid film and the background halo produced by the
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alumina tube. The topograph taken at 900°C after 127 minutes of
heating (figure 4.9(a)) still shows no diffraction pattern, but 13

minutes later when the nominal temperature had reached 100000 a

diffraction pattern was observed (figure 4.9(b)) indicating a sudden
grain growth on passing through the transition temperature. Considerable
strain is associated wifhlthe grains, as evidenced by the streaking of
the images. The sample was maintained at 1000°%C for 40 minutes during
which time several more topographs were taken. The last of the
sequence (figure 4.9(c)) reveals that ver&-little change in the grain
structure had occurred during this period. The sample was then cooled

1 0 900°C with topographs being taken every 20°C.

at the Tate of 200°C hr~
Down to a nominal temperature of 940°C (figuré 4.9(d))’little change
from the 1000°C grain structure was observed but six minutes later at
920% (figure 4.9(e)) a dramatic change in grain structure had taken
place as the sample cooled through the transition temperatu?e. This
new structure remained at 900°C and was still evident when the sample
was reheated to a nominal tempefature of 950°C (figure 4.9(f)).

However 11 minutes later at 1000°¢ a further structural change had

taken place (figure 4.9(g)). Much strain is associated with the grains.
The "sample was finally cooled rapidly to 900°C when a further structural

change had occurred (figure 4.9(h)).

4.7.%3 Discussion and Conclusions

The experiment shows that synchrotron radiétion can be employed to
follow microstructural transitions at high temperatures. Although
measurements of grain sizes are not possible because of the streaking

of the images, qualitative data can be derived from the number of images










present. . Clearly the average grain size is increasing with successive

crossings of the transition temperature; Furthermore information on
the time scale of the structural changes and the str;in associated with
the phase transition can be derived. Evidently'the structural changes
occur very quickly on cr&ssing the transition temperature with the
generation of considerable strain due to the phase change from body

centred cubic to face centred cubic or vice versa.

The temperature measurement again proved to be inadequate. The phase
transition occurred in different nominal temperature ranges during
heating and cooling and at values higher than the accepted value of

0
916°C.  These thermal lags and inaccuracies are attributed to the fact

that the thermocouple was not welded direcfly to the sample, a
modification which it is expected would allow reliable quantitative

data to be extracted.
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CHAPTER FIVE

HEAT TREATMENT OF ELECTRODEPOSITED IRON FOIL

5.1 Introduction

In Chapter 2 it was demonstrated that the properties of as—produced
electrodeposited iron foil are very poor compared with commercially
available soft magnetic materials. Crystalline imperfections,
impurities, grain boundaries and internal stress all impede domain
wall mobility and a reductibn of the effect of any of these features
can bé éxpected to improve the soft magnetic characteristics of the
foil. The simplest way of bringing about.an improvement is through
suitable heat treatment which has the effect of increasing grain size
and relieving stress. Grain growth processes at high temperature in
metals were discussed in Chapter 3%, and in this chapter the application
of some of these processes to electrodeposited iron foil will be
covered. The work is divided into the structural effects induced by
straightforward annealing treatments and those resulting from strain-
anneal techniques. The associated changes in physical properties will

be discussed in Chapter 6.

5.2 Anneaiing Treatments of Iron Foil below the
Transition Temperature

5.2.1 Introduction and Experimental Technique

In this sec}ion the changes in grain structure resulting from gradual
grain growth will be covered. In order to achieve a reasonable rate
of growth the amnealing temperature should be as high as possible.

The b.c.c to f.c.c phase transition occurs at 916°C 80 an annealing




_ samples were maintained for 2 or 20 hours, whilst the cooling rate was

‘Most of the foil samples were subjected to the 2 hour anneal at 900°C.
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temperature of 900°C was chosen. The furnace arrangement was very
similar to that described in Chapter 4 except that the middle portion
of the furnace was uéed with the result that temperature measurement
was more precise because of the émaller femperature gradient at that
position. All heat treatments were carried out in an inert atmosphere

of high purity argon to minimize the effects of oxidation. The

.furnace took about 80 minutes-to reach 90000 at which temperature the

never allowed to exceed 2000c hr-1 in order to minimize strain effects

due to tﬁerhal éontraction. The typical superficial area of the
samples ﬁsed was 2 x 5 cm2, the samples being pushed into place in the
furnace tube with a rod and withdrawn using a small magnet on the end

of a rod. Slight surface oxidation of the samples took place due to
residual oxygen in the tube bﬁt the oxide layer could readily be |
removed by dipping the.samples in the etching feagent of ferric

chloride in 30% hydrochloric acid for 5 to 10 minutes which also had

the effect of revealing the grain boundaries for subsequent microscopical
examipafion. Photographs of lérge numbers of grains in the annealed
sampleS'we;e taken on a Vickers M.17 industrial microscope and the grain
gsize determined by counting the number of grains in a known area.
Typicélly several hundred grains were counted and the average grain
diameter determined on the assumption that the grains are circular.
Stgndard Laue ana synchrotron x-ray topographs of the annealed samples

were aléo taken to provide information on grain orientation and

perfection.

5.2.2 Results
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' The grain diameters resulting from the anneal varied from about 30 to

100 microns which is of the order of 50 times the grain size of the
as-produced foil as determined by the scanning electron microscope.

The average grain diameters of individual samples are plotted as a
function of foil thickmess in figuré 5.1. A typical optical
micrograph obtained from a foil sample of thickness 45 microns is
shown in figure 5.2. The grains are polyhedral in section with
typically five or six sides. It is expected that the larger grains
sﬁread through the specimen thickness, though the smaller ones probably

do not penetrate so far.

A transmission Laue xX~-ray photograﬁh from the same foil sample is shown
in figure 5.3. The pattern is based on the ring formation shown in
figure 2.5 for the as-produced foil, but is discontinuous and spotty
due to the larger grain size of the ammealed foil. The picture was
recorded on Polaroid 4 x 5 Land Film Type 57 using Mo KO, radiation
with a Zr filter with tube voltage and current settings of 50 kV and
20mA respectively. The specimen to fiim separation was 3 cm and the
exposure time 20 minutes. The distribution of spots round the rings
indicates that there is no preferred orientation of the grains in the
foil, and this is confirmed by the transmission synchrotron topograph
for annealed foil of thickness 45 microns which has already been shown
in figure 4.5(b). The slight radial streaking in the latter picture

suggests that a small amount of strain is associated with the grains.

Several foil samples were annealed for 20 hours at 900°C to determine
whether further gradual grain growth would occur in the extra period

of annealing. Table 5.1 shows the average grain sizes of these six
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TABLE. 5.1  AVERAGE GRAIN DIAMETER AFTER 900°C ANNEAL

Sa.mplé Nominal Average Grain Diameter (pm)
Number Thickness (um) 2 hr Anneal 20 hr Anneal

| (= 2.5%)

LA 45 ' 33 40

2 44 ' 75 84

3 44 62 86

6 155 55 78

8 ® ' - 49

10 101 ’ T7 112
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¥

foil samples after periods of 2 and 20] b’oﬁfs at 900°C.  Considering
that the initial grain size of the f;il is of the order of a micron,

it can be seen that little improﬁement in- the grain size results from
the extended period of annealing. The ultimate grain size of the foil
has apparently almost been reached after 2 hours at 900°C and the

additional energy expended in énnealing for 20 hours is clearly not

justified.

In the light of this observation, the results of figure 5.1 can be
coﬁpared reasonable favourably with the specimen thickness effect
discussed in Chapter 3. For several foil samples,'the ultimate grain
gize is quite close to the foil thickness although deviations from a
general trend do occur, perhaps due to slight differences in levels

of inclusions which inhibit grain boundary motion.

5.3 | Annealing of Iron Foil above the Transition Temperature
The direct observation usiné synchrotron radiation of the microstructural
changes accompanying the cycling of electrodeposited iron foil through
the b.c.c. to f.c.c. phase transition £eh§erafure of 916°C has already
been described in Chaﬁter 4. A more controlled anneal at 1000°%C was
perforﬁed on samples of foil of various thicknesses. After a warm up
period pf aﬁout 100 minutes, the foil was maintained at 1000°C for

2 hours before being cooled at a rate not exceeding 200°C hr_1. After
etching as described previously, the foil was examined optically; the
grain st;ucture was found to be very irregular with grains up to
several millimetres across. A typical optical photograph obtained

from a foil sample of thickness 101 microns is shown in figure 5.4.
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A transmission Laue photograph obtained under'fhé usuali@@ﬁditions of

a similar sample is shown in figure 5.5. Thé ga@iaiiétfeaking of the
spots indicates that considerable strafn is'éssééi;fed with the grains
and this is confirmed by the synchrotron topégféph shown in figure 5.6
which was recorded on Polaroid 4 x 5 Land Film Type 52 with electron
beam energy and current values of 4 CeV.and 15 mA respectively and an
exposure time of 30 seconds. These results confirm the in situ high
temperature observations described in Chapter 4 that the straining is -
associéted with the phase qhange and .that the grain growth occurs
rapidly on'cfossing the transition temperature. Despite the fairly
large grain size, foil treated in this way is uhlikely to be interesting

magnetically because of the.high degree of strain.

5.4 ' Strain-Amneal Treatment of Electrédeposited Iron Foil

5.4.1 Historical Introduction

As an alternative té gradual grain growth techniques, it should be
possible to increase the grain size of the iron foil by a suitable
recrystaliization process. Literatu;e on the recrystallization of
iron is:rather scarcer than that on silicon-iron because of its limited
applicability as a soft magnetic material, but some interesting work

has been reported.

Dunn and Walter (1960).have_induced secondary recrystallization in
99.99% pure iron of thickness 65 microns after a cold reduction of T75%.
The introduction of grain growth inhibitors added to the melt has not
proved effective in pure iron, but Kohler (1967) has reported that the
diffusion 6f additional sulphur inhibitors direct into the grain

boundaries during recrystallization after cold rolling produces a
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(110) [001] secondary recrystallization'texture. The same texture

has been produced by Thornburg et ai (1976) by primary recrystallization
and grain growth in iron containing small amounts of Si, Cr and Mn and
good magnetic properties are reported. All these processes involve
considerable thickness reduction by cold rolling howevef, and could

not readily or usefully be applied to the electrodefosited iron foil
vwhich is already of the same order of thickness as the final product

described in the above experiments.

The previous work of greatest interest in relation to the present
investigation is that of Antonione ét al (1973, 1977) who have studied
the-kinetic features of recrystallization and grain growth in pure iron
after deformation in tension of up to 10%. Working with iron of purity
better.than 99.998% and graiﬁ sizee from 50 to 200 microns, secondary
recrystallization at an annealing temperature of 69000 has been
observed after elongations of 2 to 10%. The final grain size

achieved decreased with increasing deformation. It is not clear
whether a dritical strain for the onse% of secpndary récrystallization

exists, but undeformed samples underwent normal grain growth.

The work of Antonione et al has been used as a basis for successful
attempts to induce secondary recrystallization in electrodeposited
iron foil. The technique employed and results obtained will be

described in the following sections.

5.4.2 Strain-Anneal Technique
'All the deformations involved in the strain-anneal technique were

performed on a Hounsfield Tensometer. The test piece dimensions are
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shown in figure 5.7. The percentége elongation after straining was
determined by measurirg with a rule the inciease in separation of two
lines ébout.B cm apart on the gauge length. The straining rate in

all cases was 1.6 mm min-1.

In Chabter 2 it was shown that, in the'as-produced form, the iron foil
cén_only be exteﬂded by a few percent before fracture occurs.
Defofmations of this extent were found to be insufficient to induce
secondary recrystallization upon subsequent annealing. In the
experiments of Antonione et al the iron grain size was between 50 and
200 microns compared with the one micron of the-as produced electro-
deposited iron foil. 1In general an increase in érain size gives rise
to a decrease in yield‘strgss and an increase in the méximum elongation
posgible Before fracture, effects which will be covered in further
detail in Chépter 6. By annealing the test pieces for 2 hours at
90000, as detailed in section 5.2, prior to straining a grain size

of the order of 50 microns was achieved and this was found to allow
elongations of at least 10% before fracture. After straining the test
pieces were again annealed to induce recrysfallization. A 20 hour
anneal at 900°C was used in order té ensure that all recrystallization
effects.we;e complete, and all strain relieved. The cooling rate was

the standard 200°C hr !,

After removal from the furnace the test pieces were immersed in the

usual etching reagent to remove the oxide layer and to reveal the grain

.structure for optical examination.
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5.4.3 Results

For small strains below 4% the-gfain strﬁgfufe ;fter the strain-anneal
treatment is very similar to that befgré; éuggesting that the small
amount of strain stored in the foil as a result of the deformation has
been removed by polygonization. Above 4% strain a transition region
is obsefved in which part of the foil has been transformed by secondary
recrystallization into a large grained structure, with crystallites
several millimetres across. The transition region varies'for different
foil samples, but above'about 9% stfain the entire gauge portion of the
foil is transformed. In the transition region the percentage of the
foil which hds been transformed was estimated using an optical sampling

technique and is plotted as a function of strain for 4 different foil

samplés in figure 5.8.

In another experiment the temperature of the final 20 hour anneal was
varied. The percentage transformation is plotted as a function of
percentage strain for a foil sampielbf thickness 45 microns at final
annealing femperatures of 700, 800 and 900°C. Very little difference

is observed between the three sets of data (fiéure 5.9).

It was discovered that the foil sample of.thickness 155 microns
(sample 6) could be extended by as much as 30% after a 2 hour anneal
at 900°C and this allowed an investigation of the final grain size
after secondary recrystallizatioh as ‘a function of strain., The mean
grain diameter was estimated by counting the number of grains in a
known area and assuming that the grains are circular in section. The
grain diameter is plotted against percentage strain in figure 5.10 and

is in general agreement with the observations of Antonione et al that
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grain size after secondary recrystglliiétibn.décréases with increasing
deformation. A photograph of the grain étiucture of annealed test

piéces of sample 6 foil after various strains is shown in figure 5.11.

The synchrotron radiation source DESY at Hamburg was used to take
topographs -of the grains of the strain-ammealed foil. Examples
recorded on Polaroid 4 x 5 Land Film Type 52 are shown in figure 5.12.
The electron beam energy and current were 7 GeV and 10 mA respectively
and exposure times of about 5 seconds were used. In general the
images are clearly defined and undistorted suggesting that the grains
are relatively strain free. On a few exposures radial elongation of
the images is observed (figure 5.12c) but this is thought to be due to
macroscopic bending of the.samples. There appears to be no preferred

orientation of the grains.

In summary a successful though somewhat tedious technique for producing
large, strain-free grains in the foil has been developed, although the
value of the process will depend on the properties of the foil in this

form, which will be discussed in the next chapter.
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CHAPTER SIX
PROPERTIES OF HEAT TREATED FOIL

6.1 Introduction

In this chapter the physical and magnetic properties of electrodeposited
iron foil which has been subjected to the amnealing and strain-anneal
processes described in the previoué chapter will be discussed and
.cbmpared with the properties of the as-produced foil. The mechanical
and magnetic properties resulting from the increased grain size of

the heat treated folil will be covered and the possibility of using the

foil for magnetic shielding purposes investigated.

6.2 Mechanical Properties

6.2.1 Introduction

The mechanical properties of a polycrystalline métal are rather
different from those of a single crystal. The deformation of each
grain is dictated by the deformation of its neighbours, giving rise

to complicated intersecting slip proceséeé in the various grains. In
additioﬁ the grain boundaries themselves act as obstacles to the passage
of dislocations and slip cannot propagate freely from grain to grain.

A stress concentration builds up Qhere the slip band in the first grain
meets the peighbouring grain boundaries which helps to initiate slip in
these other grains. Plastic yielding for the specimen occurs at a

yield stress oy.given by

1
= . + k d = 6.1
| Oy o; v (6.1)
where (ji is the stress required to move dislocations within the grains

themselves, d is the average grain diameter and ky is a constant for a

given metal at a given temperature and rate of strain. Equation 6.1
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is known as the Hall-Petch equation, and is Qbeyed.by a“number of metals
iﬁcluding iron and molybdenum (Martin, i§69). J.?hé.equation leads to
the yield stress decreasing with increasing gragn size; a decrease in
ultimate tensile stress and an increase ip the percentage elongation

at frgcture.are also observed. In the following sections an
inVestigafipn of these relationships for electrodeposited iron foil

will be described.

6.2.2 Experimental Procedure and Results

The tensile test strips used in the investigation were of the same
dimensions as those shown in figure 2.7. All deformations were
performed using a Hounsfield Tensometer at a straihing rate of 1.6 mm
min—1. The properties of four samples which had been subjected to

2 hour anneals at 900°C and two which had undergone the strain-anneal

treatment were tested. In each case three test pieces were used and

the figutres quoted are the average of the three values obtained.

In table 6.1 the yield stress, ultimate tensile stress and percentage
elongation at fracture for the four samples which had undergone the
sfraightforward annealing treatment are shown. The grain sizes quoted
are those given in the previous chapter. If the figures are compared
with those éiven in table 2.1 for the as-produced foil it can be seen
that the yield stréss has been reduced by a factor of between 4 and 8 as
a result of the coarsening of the grain structure, whilst the uliimate
tensile stress has been reduced by a factor of about 2.5 anq the
percentége elongation at fracture dramatically increased, particularly
in the case of the sample 6 foil which could be extended by more than

30% before fracture occurred.
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Only two foil samples were testcd mechanically after the strain-anneal
treatment because of the difficulty of producing samples with the same
giainnsize. Test pieces were subjected to similar strains after the
2 hour pre-anneal at 900°C and then ammealed for 20 hours at the same
temperature. A light etch was used to reveal the grain structure
and the grain size estimated by coﬁnting the number of érains in a
given area.' When three test pieces with similar grain sizes had been
obtained for each sample, they were subjected to the tensile.test.

The results for all six test pieces and the average values for each of
the two foil samples are displayed in table 6.2. Further reductions
compared wijh-the'data in table 6.1 in the yield and ultimate tensile
stresseé associated with the ﬁuch larger grain sizes are observed.
The'percenfage elongation at fracture is slightly.larger in the case
of the sample 10 foil, whilst the values for the sample 6 foil are
rather inconsistent and generally lower than those obtained afte? the

straightforward annealing treatment.

The validity of the.Hall—Petch equation for electrodeposited iron foil
has been ipvestigated in the case of the sample 6 and 10 foils. Only
three data points are available for each foil sample, and one of these
is ohl& approximate as the exact value of the grain size.of the as-
produced foil is not known. A figure of 1 micron has been assumed.
The three data points correspond to the as-produced, annealed

(2 hr, 96000) and strain-annealed conditions of the foil. The yield

stress (jy has been plotted against the reciprocal of the square root

~of the grain diameter d in figure 6.1. The data is too limited to

draw signifiéant conclusions about the applicability of the Hall-Petch

equation, although the qualitative trend of the figures is correct.
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From figure 6.1 the stress ()i réquifé& to move dislocations within
the grains themselves is of the order of 4 kg mm-2,

613 Magpetic Proﬁertiesr
6.3.1 Introduction

The coercive force of various foii samples subjected to annealing and
straiﬁ-apneal treatments has been ﬁeasured. It is expected that the
ingfease in grain size.will improve the soft maénetic characteristics
Qf.the foil,-fhough a significant.change is necessary before the foil
can be regarded as competitive with commercially available soft magretic
matérials. An estimate of the maximum permeability of the annealed
foil was also made using a similar extrapolation technique to that

described for the as-produced foil in Chapter 2.

6.3.2 'Résults

Thé hysteresis loop plotter ‘described in Chapter 2 was used to obtain
aii the magnetic data for heat treated foils, with rectangular test
pieces 5 cm x 1 cm again Being used. In table 6.3 the coercive force
of six foil samples after annealiﬁg treatments at 900°C for periodé of
2 and 20 hours is displayed. Bach figure is the average value
obtained from three_fest pieces. The coercive force has been reduced
by. a factor of ﬁetween 4 and 6 compared with the data for as-produced
. foil'preéented in table 2.2; within measurement limits the longer
anneal is no more effective than the short one. The coercive.force
of foil which had been annealed above the transition temperature was
not investigated systematically because of the poor quality of the grain
structure, bﬁt the sample 1 foil had an identical coercive force after

2 hour anneals at 900°C and 1000°C.



TABIE 6.3

R
Sample
Number

- 10

TABLE 6.4

‘Sample
Number .

10

COERCIVE FORCE AFTER 900°C ANNEAL

3 H
i !

Nominal Coercive Force (Oe)

Thickness (um) 2 hr Anneal . 20 hr Anneal
(= 5%)

45 1.8 1.7
44 1.7 1.7
44 1.8 1.6

155 1.6 1.4

49 1.6 1.6

101 - 1.3 1.1

' COERCIVE FORCE AFTER STRAIN-ANNEAL TREATMENT

Nominal Temperature of Coercive

Thickness (um) Final Ammeal (OC) Force (0e)
45 700 1.77 ¥ o0.04
45 . 800 1.85 £ 0.05
45 900 1.75 I 0.04
155 900 1.59 ¥ 0.02
49 h 900 1.62 T 0.03
101 900 - 1.18 I 0.02
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All the four foil samples which had undergone the strain-anneal treatment
were tested in the hysteresis loop plotter after the 5 ecm x 1 cm gaﬁge
portion had been cut from the oar shaped test pieces shown in figure 5.7.
In all-cages the coercive force was faqund fo be indepéndent'of the final
grain size of the foil; the values were similar regardless of whether
the degree of strain introduced in the strain-anneal.process had been
éufficient to induce sécondary recrystallization to the very.large
grained structure. Consequently all the results for a given foil
samﬁie héve Seen grouped together and an average value taken. The
resuits are displayed in table 6.4. For the case.of the sample 1 foil
three different final anneal temperatures were used but the coercive
force was found to be independent of this parameter. The coercive
forceé are also very s;milar to those obtained using the straightforward

annealing treatments which were displayed in table 6.3.

Evidgntly all the heat treatments performed on the iron foil have a
similar effect upon the magnetic properties and the limit to the
improvement that can be achieved by increasing the grain size has been
reached at a'gfain size of about 50 microns. Further improvement could
probably be effected by reducing the already low impurity levels by

gsome elgctrotranspori technique or by developing a technique for

introduéing a degree of preferred orientation into the grain structure.

Since all the heat treated samples have similar hysteresis loops, a

single photograph is included as a typical example. This is shown in

figure 6.2 and was obtained from a foil sample of thickness 101 microns

which had undergone a 2 hour anneal at 9OOOC.




Figure 6.2

Sample hysteresis loop from foil snnealed for 2 hours

“at 90d’¢c,
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An estimate of the maximum permeability of the heat treated foil was
obtained by an extrapolation technique similar to that explained in
éPapter 2?' The hysteresis loops were again sheared due to the
QQmagneti%ing fielg which %ncreaseé with iqcreasing;foil thickness.

The measured maximum permeability is plotted as a function of foil
thickness for two separate foil samples in figure 6.3. The foil
samples had both undergone a 2 hour anneal at 900°C. Clearly a linear
ext?apolatibn is invalid in this case, although all the points lie on a
fairly.well defined line. A flexicurve extrapolation has been used to
obtain aﬁ estimate of the maximum permeability of the heat treated foil
correspohdiﬁg to zero thickness and hence zero demagnetizing field.

A valué.of 4000 was obtained, though an uncertainty of at least 20% must
be associated with this value. This is about four times the maximum

permeability of the as-produced foil.

6.4 . Domain Observations on Electrodeposited Iron Foil

6.4.1 The Colloid Technique

The coiloid technique, which originates from the work of Bitter

(1931, 1932), is the most widely used method of observing magnetic
domain structures. The technique consists of allowing fine magnetic
partig}gg_té settle onto the surface of the material under examination.
&he particles generally consist of a single domain and have a magnetic
moment; under the influence of a non-uniform field they are attracted
to local maxima in the field intensity, in particular to the intersection
of domain walls ﬁith the specimen surface. It is essential that.the
surface undér study be flat and strain free otherwise complicated

"maze" péttéfns characteristic of the state of strain of the surface
layer rather than the underlying domain structure are_obtained. Rather

stringent conditions gbvern'the size of particles which contribute to
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pattern formation. Larger particles tend to aggregate in their own
self fields whilst smaller parti¢les undergo predominantly thermal
motion;  The useful particle diameter is found to encompass a small

range around 100 K.

The magnetic particles can be applied to the specimen surface in two
ways.. In the wet colloid technique a colloidal suspension of magnetic
particleé in a suitabie liquid is placed on the surface of the sample
éﬁd the particles are then attracted to the regions of maximum stray
fiéid. _In the dry colloid method the magnetic particles are produced
by coalescence from the vapour phasé in a low pressure atmosphere of
an inert gas. The sample is supported a few centimetres from the
evaporating filament and the particles settle onto the surface under

the influence of the stray fields present.

Botﬁ_techpigues have areas of superiority: the wet colloid technique
ig simpler to employ and caﬁ be used in a limited way to study dynamic
changes in domain structure, whilst the'dry colloid technique can be
used over a much wider temperature range since the problem of freezing

or evaporation of the colloidal suspension is eliminated.

With either colloid method the surface domain patterns observed are

very difficult to interpret unless the surface under examination contains
atileast one easy axis of magnetization. The patterns formed on an
arbitrary-crystal plane generally correspond to a complex surface
closure_structure'and are not representative of the underlying bulk

domain structure.
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The colloid technique, along with histor;ééi?ngerencé;;i;?.covered in -
further detail by Carey and Isaac (1966);f' f;if;;fl

6.4.2 Experimental Methods . ¥ ' L
Both wet and dry colloid techniques h#ve been used to study the domain
patterns on electrodeposited iron foil. The observations were confined
to large grained foil produced either by annealing at 10000b for 2 hours
or By the strain-anneal technique described in Chapter 5. All patterns
were obtaihed at room temperature. Flat, strain free iron surfaces

were produced uéing the mechanical and electrolytic polishing technique

described ‘in Chapter 2.

fhe wet colloid used was water based "Ferrofluid AO1" produced by
Ferrofluidics Corporation. After dilution a drop of the colloid was
placed bn the iron surface and covered with a microscope cover slip to
give a uniform film of colloid over the surface and reduce the rate of
evaporation. The patterns obtained were observed and photographed

using a.Vickers M17 Industrial Microscope.

The dry éblloid technique was performed using the evaporation chamber
described by Mundell (1976). In the chamber, fine magnetic particles
were produced by evaporation of iron from a tungsten filament in.a low
pressure inert gas atmosphere. The sample was supported several
centimetres above the filament and the particles were carried to the
sample by the thermal currents produced by the hot filament. The
‘parameters governing the particle size are the filament température,
"the type, préssure and temperature of the inert gas and fhe type of
metél being evaporated. The experimental conditions yielding the
optimum ‘domain patterns have been determined by Smith (1978) and are

.
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summarized as follows. The evaporation was performed in an atmosphere
of helium at & pressure of 1 torr. A V-shaped filament was formed from
tungsten wire of 99.97% purity and 1 mm diameter. . The polished iron
sample was attached to the underside of a-glass slide with sellotape and
supported 7 cm above the filament. 1In the work of Smith the
evaporétiné metal was iron wire of 99.99% purity and 0.27 mm diameter.

In this work however it was conside;ed appropriate to use electrodeposited
iioh foil, whose purity is better than 99.9%, as the.evaporating metal.

A strip of foil 12 microns thick, 1.5 mm wide and 200 mm long was wound
.rouﬁd_thé tip of the tungsten filament. A D.C. voltage of 2.5 V applied
to the filament for 5 seconds produced satisfactory domain patterns

vwhich were observed and photographed as before.

6.4.3 Results and Discussion

The first.series of domain patterns, sﬁown in figure 6.4, was obtained
using the wét colloid technique on the surface of a sample of foil

101 microns thick which had been subjected to a 2 hour anneal at 1000°C

and had.an.average grain diameter of the order of a few millimetres.

In figures 6.4(a) and (b), obtained from different parts of the same
large gféin, we see parallel 180° domain walls, spaced by between 70 and i
100 microns. The domains themselves contain a considerable number of
daggers, and the situation is interpreted as follows. The specimen
surface is lying almost in the (110) plane, with the domains magnetized
in the [001] direction. This[001] direction lies a few degrees out

of the specimen surface which leads to the formation of the daggers

which are regions of reverse magnetization reducing the free pole

energy at the surface. Bates (1965) has varied the angle of deviation












83

between the (110) plane and the surface of a silicon-iron specimen and
.found that daggers appeared between the doﬁain walls for deviations
of between 1° and '4°. | |
In figure 6.4(c) two grains are evident. In that occupying the bottom
and right hand side of the picture, parallel fairly widely spaced
domain walls are seen. A small number of daggérs exist, indicating as
above that the surface of the grain is close to a (110) plane. The
orientatioﬁ of the central grain is clearly much more complicated and
‘the pattern seen probably represents a surface closure structure and

its wavy nature may indicate some variable residual stress.

The main gréin in figure 6.4(d) contains predominantly parallel.walls
spaééd b& between 10 and 30 microns. Towards the right hand side of
the grain the main domain wall pattern is complicated by the presence
. of wavy mbre closely packed lines, possibly indicating a region of

local strain.

Figure 6.4(e) was obtained from a grain at the corner of the specimen
and shows a more complicated.contrast effect, with the colloid particles
being spreaa widely across the domain walls so that at the bqttom right
hand corner of the picture in particular the contrast appears to be
between . adjacent domains rather than befween domains and walls. A
considerable number of closure domains exist, these having the function

of reducing the free pole surface energy at the sample edges.

Séveral'gréins are covered in figure 6.4(f). The grain at the right

hand side of the picture shows a simple, parallel 180° domain wall



structure indicating that the surface of this grain probably contains a
(100) plane, the domains being magnetized in the.[001] direction. The
central grain exhibits a slightly complicated "fir-tree" domain structure.
These patterns were shown by Williams, Bozorth and Shockley'i(1949), -
working with silicon—iron, to occur on sqrfaces misoriented by up to

3° from the (100) plane. The fir-trees are centred on the main domain
walls ana are transversely magnetized suferficial domain structures
which cause partial flux closure and reduce the free pole surface energy.
If the ﬁain-@élls are assumed fo lie  along [001] directions, then the
(001] direction in the central grain is misoriented by about 40o from
that in-the grain on the right hand side of the picturé. The other
grains. present sﬁow very complicated structures and clearly their

surfaces do not lie close to any simple crystallographic planes.

The patterns which have been shown in figure 6.4 were selected from a
very large number of grains which exhibited no interpretable structures.
This supports the x-ray evidence, presented in Chapter 5, that after a

2 hour anneal at 1000°C the foil has a randomly oriented grain structure.

Figures 6.5 and 6.6 present a number of aomain patterns on 2 samples of
foil 10{ microns thick which had been.subjected to the strain-anneal
treatment cohsisting of a 2 hour anneal at 900°C, a deformation in
tenéion oé about 10% ana a final 20 hour anneal at 900°C. The patterns
in 'figm'§.5 were obtained using Ferrofluid: figure 6.5(a) shows a
complicatéd fir-tree pattern, whilst the main grain in figure 6.5(b)
displayé.a ziéazag wall structure. Tﬁe surf;ce domain structure in
the 1at£er picture consists of triangular prismatic closure domains

ﬁégnetiéed_parallel to the specimen surface, which is a (100) plane, and
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perpendiCuiar to the length of the domains. The main domains in the
bulk of the specimen have their magnetizations perpendicular to the
sheet sﬁrface, that is in the [100] direction, beéause internal stresses
make this éasy axis one of lower énergy (Chikazumi'and Suzuki, 1955;

Carey, 1962; Corner and Mason, 1963).

Figure 6.6 presents a humber of domain patterns obtained with the dry
colloid technique on the strain-annealed foil. In figure 6.6(a) and (b),
oﬂtained from the same large grain, parallel, widely though unevenly
-spa¢ed 180° domain walls are observed indicating that the specimen
sufface_contains a simple qrystallographié plane. Not all the walls

are perfectly.straight, the deviations indicating the presence of either

inclusions or residual stress.

“Figure 6.6(c) shows-the domain pattern at the edge of the sample with
. parallel domain walls separated by about 20 microns. Several closure
structures are observed. More parallei domain walls are displayed
in figure 6.6(d). Although the walls are heavily decorated it can be
seen that continﬁation of the walls through the portion of graih
boundary running down the centre of the picture occurs. A
misor;entation of about 20° exists between the [001] directions in the

two grains.

The final picture (figure_6.6(e)) shows a remarkable pattern. The

main paréllel 180° domain walls are separated by about 50 microns, but
on this pattern is superimposed a fine, regular, wavy structure recurring
appro#imately every 7.microns. This structure may be due to a small,

-periodic perturbation of the magnetization in the main domains caused
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by some strain effect.

As with the domain patterns obtained frbm tﬁe foii'énhealed for 2 hours
at 1000% +the few.interpretable pétterns are vastly outnumbered by
grains on which no sensible structures are observed. In ohly.one
instance was domain wall continuity through a grain boundary observed.
It is concluded that the strain-anneal treatment does not produce a
grain oriented structure, supporting the synchrotron radiation evidence

presented in Chapter 5.

6.5 Magnetic Shielding

6.5.1. Introduction

In many electrical applications ;t is desirable to shield certain
circuit'components from stray magnetic fields of either a static or
alternating nature. These fields include the earth's magnetic field
aﬁd Iocal fields arising from permanent magnets 6r current carrying
coils, and can have ah adverse effect on the performance of electrical
equipment such as phot.omltiplierg and cathode ray tubes. By
completely'enclosing the component in a shield of a ferromagnetic
material of high permeability the field inside the shield can be
dramatically reduced because of the high conductance of the shield

material to magnetic flux.

Com@ercial ﬁégnetic shields come in either a preformed shape to fit
closely rouﬁd the relevant component or as a foil which can Be cut to
sﬁape'and wrapped around the device. Nickel-iron alloys, in particular
mﬁmetal, are commonly employed as magnetic shields but any high

permeability soft magnetic metal or alloy could be used, and in this
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light the possibility of using clcctrodeposited iron foil as a magnetic
shield has been investigated. The discussion is limited to cylindrical
shields.
. - 'l
6.5.2 Theory
The theory Of.the'scréening effect of a cylindrical magnetic shield is
covered by Page and Adams (1931). In order to justifir the use of
simplified expressions iater in the section, the calcuiation of the
shielding factor is reproduced here and the magnetic induction inside

the shield material is also derived.

We.cohéideﬁ an infinitely long cylindricai shell of perméability Ko
inner radius é and outer radius b, with its axis lying along the z-axis,
placed.in a uniform magnetic.field H, parallel t6 the x-axis. This
situation is illustrated in figure 6.7. Because of the inverse square
iaw of att:action and repulsion for magnetic poles the magnetic
potential V in a region containing no magnetic poles must satisfy
Laplace's equation: |

QELX:. + éig—l + éif—z = 0 (6.2)

Bx® RN
Wg require % solutions to this equation: Vi to represent the potential
.outside the shell, V, to represent the potential in the shell material
aﬁd V3 to represent the potential in the cavity. The potential is a

function of r and © only. . The boundary conditions are as follows:

1 Forr ve-fy large V4 must become - Hy, x = - Hy r cosO
-providea the potentiai is taken as zero on the cylinder

axis.




Figure 6.7' Magnetic shield coordinate system.
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2 At each surface of the shell the radial component of the
magnetic induction and the transverse component of the
magnetic intensity must be continuous as we pass from the

‘outside to the inside of the shell.

The latter of these two conditions is satisfied if the potential itself

is continuous.

As the potential at infinity must be - H, r cos® it is clear that we
are 1imité& to harmonics involving only the first power of cos© . It

follows -that .the three potentials must be of thé form

Vi = -H,yrcos©® + Dy cosO (6.3)
r

Vo = Co 1 cos© + D cosO (6.4)
r

Vs = Csr cos© (6.5)

where the term in 1'_1 has been omitted from V3 since it would make the

‘potential infinite at the origin.

In order to solve for the constants D1, Cy, Dp.and C3 we must introduce

the boundary conditions as follows:

V.] = V2 f_or r = b;

_H°b2 + D, = 02b2 + D, (6.6)
V2 = V3 for » = aj

c, a2 D, - ¢, 8 (6.7)




Continuity of ra.dial component of induction at r = b;

2 2

B D" + D = p(-C,b° + ) (6.8)

Confinuiify of radial component of induction at r = 'a;

p(-cya® + b)) = -0 8 (6.9)
S'olving for Cz, D2 and C3 we have |

Cp = 2H b2 (u+1) . (6.10)

o (u- 17 - v (u+1)°
D, = 28 &b’ (j-1) (6.11)

o (- 1)° - v° (u+ 1)°

L2

03 = 4H Db (6.12)

a2 (u_ 1)2 —b2 (u+ 1).2
In-prac_tical cases the permeability [l of the shield material is much
greater than unity aﬁd the inner and outer shell ra.flii are nearly equal
so that we can write (b - a) = t, the material thiclméss, and a = b.

The constants above can now be approximated by

c, = —Hob (6.13)

ht
- - 3 .

132 = Ho b (6.14)
KLt

Cs = - 2H_ b (6.15)
Mt

The field in the x-direction inside the cavitsr is given by
: H3 =.-a_5v2 = '_8_ [Csrcose]

x Ox

H3 = 2H D (6.16)
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The shieldihg factor g, defined as:the ratio of the external field to
the field in the shield cavity, is therefore given by
g '= E = ut. | (6.17)
H e '
3

where d is the shield diameter.

The calculation of the field H2 inside the shield material is simplified
by representing the appropriate potential in Cartesian coordinates:
V., = C x + D x (6.18)

2 2
X +y
Components of the magnetic field in both the x and y directions must be
considered by obtaining the appropriate partial derivatives of V2.
'Represe'ntin.g__the component of field in the x-direction by H2x and that in

the ‘y-direction by H, we obtain:

2y
: 2 2
o T 0 7 %% O o) (6)
% (x2+y2)2
sz = _a& = D2 2xy (6720)
Oy (x2+y2)2

Since we. are considering shields for which the inner and outer radii are
néa.rly equal, _a't any point in the shield material we can write

X + y2- = b2. Ve ca.n also introduce the values of C, and D2 from
equations 6.13% and 6.14 and multiply the field components by the
_-pemeability i to yield x and y components of the magnetic induction B

in .the shield material. These are given by:

2 2)
B2X = HO b + HO b (y - X (6'21)
t _ t b2
B2y = - 2Ho b ﬂ (6.22)
t b2
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The maximum iﬂduction in the shield material occurs at the point at

which x = 0 and.y = b. At this point we have

B

2H b
0.

2x

BZy = 0

The induction is a minimum on the x-axis where x = b and y = 0. Here

| B2x = B2y = 0

Since it is important not to saturate the shield at any point, the

maximum'induction is the most important value and can be written as:

B = H (6.23)

o)

o+

Equations 6.17 and 6.23 are the fundamental relationships defining the
performance of a given magnetic shield. It should be noted that the
material permeaBility-is not a constant but varies with induction as -

discussed in Chapter 1.

For A.C. fields the shielding factor is increased by the reflection and
absorption of electromagnetic waves at the shield, but only D.C. tests

have been.performed on the iron foil;

6.5.3 Experimental Procedure and Results

.In investigating the shielding capability of the electrodeposited iron
foil, cylindrical shields of identical dimensions to an available
'mumetél~shield manufactured by Magnetic Shields Limited were fabricated.
Rectangles of iron foil 10 x 11.5 cm2 were rolled to form cylinders

10 ‘cm long and 3.1 cm in diameter. The overlapping edge was stuck down

‘with tape to form a closed flux path. Cbmpariépns with the mumetal

shield were then possible.
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The external magnetic field was provided by a pair of Helmholtz coils’
which were supplied by a D.C. magnet power supply. Currents of up to

1 amp were used, these being measured on a 1000 mA D.C. ammeter. The
Helmholtz doils weré calibrated firstlwith a Hall probe which gave a
.calibration factor of 81.9 Qe A-1. The sensitivity of the Hall-probe

was insuffieient to measure the small fields inside the maénetic shields,
so these géasurements were made using a 5000 turn search coil linked to an
integrating fluxmeter. -1In tﬁe absence of any shields the search coil

gave a calibration factor of 5.77 mWb turns A~' for the Helmholtz coils. -
.By relating this figure to tﬁe Hall probe calibration factor, all the

field measurements could readily be converted into oersteds.

| Three sﬁields were tested in the experiment; first the mumetal one
followed by shields made from the sample 6 foil iﬁ the as-produced state
and after a 2 hour anneal at 900°C. The latter shield was annealed
in_ifslfingl shape to avoid gtrain due to bending. The shields were
firmly supportéd jn tuin between the Helmholtz coils with their axes

: periéndicular to the field. The 5000 turn search coil was used to

3

of the external field H, which had previously been measured for the

measufg the field H. existing inside the shield cavity as a function
game current values in the absence of any shields. H3 is plotted as a
. function of H° for the three shields in figures 6.8, 6.9 and 6.10. A
hysteresis effect was noted as the external field was reduced from its
maximuﬁ value and a small field remained inside the shield cavity when
tﬁe.external field was reduced to zero.. This field was always
antipa;allel to the external field and was due to ‘the demagnetizing
effect-in the shield material which gave rise to free magnetic'polés

at the opposite sides of the shields during the magnetization process.
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hystere31s loops which was covered earlier. This is probably due to

93

. .When_the external field was reduced, these free poles gave-riee'to the -

;:réyerse_field in the shield cavity. Each of figures 6.8, 6.9 and 6.10

' diepiays three sete of data points corresponding toithree initial states :

.ﬂ‘f”of the shigld. These are,” respectively, the demagnetiaed state andithe
-~states.in nhich the remanent field in the shield cavity existing after

- a prev1ous magnetization is allgned parallel or antiparallel to the

external field.

o These.graphs do not give a true representation of the reiative merits

of ‘the shields however because of the geometrical dependence of the

shiélding factor. The mumetal shield was composéd of material 400

mlcrons thick which exaggerates its shielding effect compared w1th the

.155-m1cron thick iron shields. The only physical propertles governlng

". _the ehield performance are the material permeability p.and 1nductlon_B:

Equation 6.17 and 6.23 have been used to calculate the p,- B_curves

; for the three shields tested and these are plotted in figure 6.11 on -

logarlthmlc axes. Also plotted for comparlson are data for typlcal
mumetal shleldlng materlal (Telcon Metals Limited, Publicatlon No 17- 369)

and 81llcon—1ron (Mond Nickel Company L1m1ted, 1950) ;t can be seen

'f.that the annealed iron foil has a maximum permeability which is exceeded

- Qn;y:ty that of the Telcon mumetal. Furthermore, above.an induction_

of about 7500 G the annealed iron has the highest permeability.

It 1s 1nterest1ng to note that the maximum permeabilities for the :

s—produced and annealed iron foils measured by thls method are greater

. than the values obtained by the extrapolation procedure 1nvolv1ng minor

;the different measuring techniques used, the present one being a static.
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field method compared with the alternating field determination which

yielded the lower values.

3 .
6.5.4 Design'of Magnetic Shields f . .
The perfoi@gﬂce of_a magnetic shield is completely specified by fhe

permeability against induction curve of the shield material and the ratio

of the diameter of the shield to the thickness of the shielding material.:

In this section a few graphical guidelines to the design of shields

- constructed from typical silicon iron, mumetal (Telcon Metals Limited)

and annealed electrodeposited iron foil will be presented. -

In'designihg a shield it is necessary to know the value of the field to
bé shiélded and the maximum fieid that can be tolerated inside the shield'
cévity{ .Inspection of equation 6.17 indicates that the shielding

factor incregses with increasing t/q. However, in the interests of
economy and wéight it is desirable to minimize-the thickness of the
shigld, so it is important to fit thé~shie1d closely round the component_

in order to minimize d and hence maintain the shielding factor.

Using the data in the || - B curves (figure 6.11) the field H3 inside

the shield cavity has been calculated as a function of external field

B for Q/thrgtios of 10, 30, 100, 300 and 1000 for shields constructed
of mumetal, silicon—irqn and annealed iron foil.-' The data.appears in
figﬁres:6.12, 6.13';nd 6.14 respectively. From the graphs it is
possible fo estimate fhe ratio of q/t necessary to give a particular
value of Hs'for any givep“vaiue of Ho' The shielding material which

achieves the desired shielding ratio for fhe minimum material thickness

can then be chosen. For low external fields mumetal is vastly superior
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to thé iron and silicon iron but as the external field rises the annealed
iron becomes competitive with the mumetal. The situation is formalized
in.figure 5.15 which plots the value of d/t'against:exfernallfield
cérreSpén&ing to the best performance of the mumetal and amméaled irém.
The best performance is defined here as the situation in which the
shield m;terial is operating at its maximum permeability since, from
equation'6.17, for a given value of @/t the maximum shielding ratio is
achiéved_when the permeability is a maximum. The third line on the
graph corresponds to the induction above which the permeability of the
annealed iron exceeds that of the mumetal, Figure'6?15 can be used in
two ways:’ firstly for a given value of d/y the value of external field

above which the annealed iron gives a better shielding ratio than the

mumetal can be obtained along with the values of external field for

which the two materials are giving the best possible shielding ratioj -
secondly for a given value of external field the &alues of d/t
corresponding to the best performance of the two shielding materials

can be read off.

6.5.5 Conclusions

The possibility of using.electrodeposited iron f611 as a magnetic
shieldiﬁg material has been investigated by comparing its performance
experimentally with a_comﬁercial mumetal shield and also with technical
data for mumetal and silicon-iron. 1In the as-produced form the foil
is of little interest but after a 2 hour anneal at 900°C exhibits
shielding;p:operties which could be usefully employed in cases where
the external field is fairly large. The mechanical softness of-thg
annealed foil could prove to be a problem in its application since

plasfic strain due to bending would be expected to have a detrimental
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effect on the magnetic proberties. However the foil in its thicker
form may have some future in cases where it can be annealed in its
ginal shapé, and the thinner foil could be‘applied-as a wrap-around

éhield where high shielding ratios are noturequired. In addition the

relative simplicity of the production and heat treatment of the foil

may prove to be economically advantageous.
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CHAPTER SEVEN
" CONCLUSIONS

Various physicai and magnetic properties of iron foil produced by a
prgcess of electrodeposition have been iﬁvestigated and compared with
fypical properties of cqﬁmercial soft magnetic materials. The values -
obfained show no éystematic dgpendence on foil thickness or the direction
~of testing. In the as-prodﬁced state, the foil compares very poorly
with any commercial alternative. An improvement in the soft magnetic
:characterietics can be brought about by various.annealing treatments
ﬁhich have the effect of increasing the average grain diameter by |
gradual grain growth. It should be possible to incorporate ; suitable
| aﬁnealing furnace directly onto the foil production line provided that
the foil can be constrained within an inert gas atmosphere whilst at
'high temﬁe:afure to prevent oxidation which is a serious problem for

such a thin material.

A straineanneal technique for producing a large grain structure in the
'foil by secondary recrystallization has been develaoped, buf it is
unlikely that this could be readily applied as an on-line process. In
any even£ the magnetic properties resulting from this treatment are no

better than those effected by the straightforward annealing treatment.

The improved magnetic properties of even the heat treated foil are still
very poor compared with the coercive force of 0.05 Oe and maximum

permeability of 180,000 for purified (99.95%) iron quoted in table 1.1.
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The only area in which the foil has shown any pbssible commercial
applicability is that of magnetic shielding, and had time permitted it
would have been interesting to form, anneal and test iron shields to

fit around_sﬁecific components, such as cathode ray tubes.

In order to fgrther improve the magnetic characteristics of the foil,
-it would ﬁe désirable to induce a-degree of preferred orientation into

. the grain structure. .It is envisaged that this éould be achieved by

a secondéry:recrystallization process involving inhibition of normal
grain growth by dispersed impurity particles such as manganese sulphi@e.
Unfortunafely the incidental levels of manganese and sulphur present in
the as-produced foil are at least an order of magnitude lower than those
deliberately introduced into commercial silicon-iron for this purpose.
By adjusting the amounts of-these two elements present in the eléctrolyte
if should be possible to deposit iron foii containing suitable_impurity
levels. However the closedown of the Hall and Pickles foil production
unit in October 1977 rendered such experiments impossible. Additional
sulph@r inhibitors could also be introduced directly int6~the grain
'boﬁndariés.by diffusion during- the recrystallization process in a manner

similar to that used by Kohler (1967).

As the staﬁié and low frequency measurements did not indicate that the
aSAproduceg or heat treated foil had characteristics comparable with
bthér soft magnetic materials it was not felt impoftant that A.C.
measurements should be carried out at higher frequencies. If, however,
more satisféctory material could be produced_as suggested abovg tﬁep
-such measurements would become of greater importance.  The results

could be analysed to determine the relative cqﬁtribufions of the various
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mechanisms -controlling magnetization processes and producing losses.

Whilst high purity;iroﬁ produced by eléctrodepositibn appears
uninteresting compéred with commercially available soft magnetic matérials,
it may be. that useful alloy foils could be produced by this process.

There would éppear to be considerﬁble advantages in this method since the
energy reduifements for thin foil ﬁroduction are léw compared with those
of coﬂventiongl rolling techniques and the alloy composition may be
accurately controlled by monitoring the eleétrolyte composition. It
Qould have been very interesting.to prepare foiis of mumetal by this
technique aﬂd to study their properties, but this was precluded by the

' closure of the foil production unit.

A particulafly interesting aspect of the work associated with the
p:oject waé that involving synchrotron radiation. It has been shown

. that éynéhrotron radiation is very useful as a rapid means of asséssing
the grain'size, orientation and perfection of polycrystalline metal
shéets. ~In addition the first iﬁ—situ studies of crystal growth under
normal growth conditions.have been performed on polycrystalline silicon-
iron sheet. The apparatus used in this innovétory experiment was
unfoftunately rather unsophisticated and no reproducible quantitative
déta were extracted. However the feasibility of the ﬁechniéue has been
ampiy demonstrated and it is envisaged"that the remaining experimental
deficiencies cogld readily be overcome. It was particularly régrettable
that the closedown of the Synchrotron Radiatién Facility at Daresbuiy
Labbratory_in April T977 and the unavailability of beam time at suitable
overseas sources, such as DESY at Bamburg, preﬁented further research

" on this project. .
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