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PREFACE.

URING recent years, and especially during the
last ten, our knowledge of the physical facts of
Magnetisation has made a marked advance. Perhaps
no subject has profited more by the beneficent reaction
of Practice on Science. The labours of a number of
observers have made it possible to present a connected
account of the phenomena of magnetic induction and of
the distinctive qualities of the magnetic family of metals.
There are still, of course, many questions for experiment
to answer ; but a text-book of the subject may now be
written with some degree of continuity and completeness.
In attempting this task, the author has not ap-
proached the matter from the standpoint of the scientific
historian. He has been more concerned to tell of things
discovered than of discoverers. In many instances,
therefore, the work of early observers is passed over -
with no mention, or with the briefest, because later
experiments are found to deal with the same points in
a more conclusive or more exhaustive way.

The author’s aim has been to present the subject in
sufficient detail to satisfy scientific students, as well as to
meet the wants of those who may turn to the book in
quest of data for application to matters of practice.
Particulars, which will facilitate reference to the original
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iv. PREFACE.

memoirs in which researches are described, have in all
cases been given for the assistance of those who may
wish to pursue the subject further than a short text-
book can well take them.

After an introductory chapter, which attempts to
explain the fundamental ideas and the terminology, an
account is given of the methods which are usually em-
ployed to measure the magnetic qualities of metals.
Examples are then quoted, showing the results of such
measurements for various specimens of iron, steel, nickel,
and cobalt. A chapter on Magnetic Hysteresis follows,
and then the distinctive features of induction by very
weak and by very strong magnetic forces are separately
described, with further description of experimental
methods, and with additional numerical results. The
influence of Temperature and the influence of Stress are
next discussed. The conception of the Magnetic Circuit
is then explained, and some account is given of experi-
ments which are best elucidated by making use of this
essentially modern method of treatment. The book
concludes with a chapter on the Molecular Theory of
Magnetic Induction ; and the opportunity is taken to
refer to a number of miscellaneous experimental facts,
on which the molecular theory has an evident bearing.

Throughout the book the author has endeavoured
to familiarise the student with the notion of intensity of
magnetisation (]) as well as with the notion of magnetic
induction (B). It has been urged by some writers that
the alternative which is in this way offered is unnecessary
and confusing, and that if we keep “B” we may dispense
with “|.” The scientific value and the practical utility
of “B” are so obvious that no one proposes to avoid
using that. It is “|]” that we are told must go. In this
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cry the author is by no means disposed to join. Itis
not too much to say thatin stating the magnetic qualities
of a metal the quantity “|” is of primary importance.
The facts of saturation, the molecular theory, and the
phenomena of magneto-optics, all demonstrate its phy-
sical reality and its fundamental interest.

The author would take this opportunity to repeat an
acknowledgment, already made elsewhere, of the assist-
ance most willingly and ably rendered by a number of
his pupils in carrying out experiments on some of the
subjects with which this book deals. Messrs. Tanaka-
date, Fujisawa, Tanaka, and Sakai, in Japan, and
Messrs. W. Low, Cowan, D. Low, and Frew, in
Dundee, have been skilful and sympathetic collaborators,
whose interest was as lively as their patience was
inexhaustible.

A reminder of how far the subject still is from
finality comes, as the last pages are passing through the
press, in the announcement by Prof. J. J. Thomson of
his demonstration that iron continues to be strongly
susceptible to magnetisation by such rapid alternations
of magnetic force as occur in a Leyden-jar discharge;
and that the damping-out of the electric oscillations
when the discharge traverses a coil with an iron core
proves magnetic hysteresis to play an important part,
notwithstanding the excessive frequency of the reversals.
Independent experiments made by Prof. Trowbridge
point to the same conclusion. Prof. Thomson’s use of
vacuum-globes without electrodes as induction secon-
daries opens up new possibilities of magnetic research,
which he has himself been the first to turn to account.

Cambridge, Nov. 28, 1891.
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CHAPTER L

——

INTRODUCTORY.

§ 1. Introductory.—Though all substances show some mag-
metic quality, there are three that form a group distinet from
all others in this respect. In other metals and non-metals a
feeble magnetisation may be induced with difficulty ; iron,
nickel and cobalt take magnetism readily, and take it in
amounts that are relatively enormous. In other substances we
have no evidence that there is such a thing as permanent
magnetism, but these three can retain magnetism strongly.
Their capability of being magnetized, which is more or less shared
by alloys in which one or other of them is contained (and also
by the magnetic oxide of iron), is so conspicuously great, in
comparison with that of any other substance, that they may
properly be said to stand apart as the magnetic family of
metals. Our purpose is to give some account of the properties
that entitle them to this name.

Before proceeding to speak of experiments and their results,
it may be well to recall the various conventions according to
which magnetic quantities are expressed. Most of this intro-
ductory matter is, of course, familiar to the student, but parts
of it, perhaps, are less familiar, and some confusion is apt to be
felt on account of the variety of ways which one may follow in
stating facts about magnetic quality. The magnetisation of an
iron bar, for example, may be specified by its magnetic moment,
by its intensity of magnetisation, or by its magnetic induction ;
and its readiness to be magnetised may be measured either
by what is called its magnetic permeability, or by another
not quite identical quantity called its magnetic suscepti-
bility. The student is liable to feel that there is an embarrus
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2 MAGNETISM IN IRON,

de richesse in magnetic ideas and phraseology. The various
lights in which the magnetism of a piece and its magnetic
quality may be regarded are, of course, consistent with one
another, and are related in a simple enough manner. Some forms
of expression have the advantage that they fit in best with
modern conceptions of the magnetic state ; others survive because:
they are more convenient in special cases. The magnetic circuit
of a dynamo is most simply treated by using one set of terms;.
another set of terms come readier to hand when we have to
speak about the properties of a magnetised steel bar. The
student will, therefore, do well to master the meaning of all the
magnetic terms in common use, and should accustom himself
to look at magnetic phenomena from various points of view.

§ 2. Magnetic Poles, Axis, and Moment.—An old and still
useful way of looking at the matter is to think of the action of
a magnet as due to the existence of two quantities of hypothetical:
magnetic substance, or ¢ free magnetism,” equal in amount and.
opposite in kind, which are distributed in the neighbourhood:
of the two ends. These hypothetical positive and negative-
substances have the property that two portions of like kind:
repel each other, and two portions of unlike kind attract each
other, with a force which is proportional to the product of the
amounts of the substances, and inversely proportional to the
square of the distance between them. In an ordinary bar
magnet the free magnetism is distributed partly over the
surface at and near the ends of the bar, and partly throughout
the interior of the bar, especially near the ends. The action of the:
magnet upon anything at a considerable distance from it is much
the same as it would be if the free magnetism were concen-
trated at two points, near the ends, which are called the poles..
Strictly speaking, there are no precise poles in a magnet—that
is to say, there are no two points at which we might imagine:
the positive and negative free magnetism to be gathered, and
- find the magnetic action on external things to be quite un-
changed. Tt is only when the bar is very thin and uniformly
magnetised (§ 7, below) that we come near to realising the idea
of two definite centres of force at the ends of the bar whera
the positive and negative free magnetism is concentrated. The
idea of poles in a magnet has therefore to be employed with
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of points, for the positive and negative quantities of free mag-
netism are each distributed over a considerable part of the
length of the bar. Where the lines come close to one another
the magnetic force is intense: where they lie far apart the
field is weak. If we pass along lines of force from one place
to another in the magnetic field, we shall find that the in-
tensity of magnetic force at each place is proportional to
the number of lines of force which croes an .imaginary sur-
face of unit area, placed there and set so that it stands at
right angles to the direction of the lines. We can make the
number of lines which cut such a surface not only propor-
tional, but numerically equal to the magnetic force, through-
out the whole field, by adhering to a proper convention as to
the whole number of lines to be drawn. The convention is
that the number of lines of force which start from any pole of
strength m is 47m. Consider a sphere of radius » in centi-
metres enclosing a magnetic pole of strength m. According to
the convention, the number of lines of force which radiate from
the pole and cut the surface of the sphere is 4wm. But the
area of surface of the sphere is in square centimetres 4 x#2.
The number of lines of force per squar. centimetre at the
surface of the sphere is therefore :_:;’g., or g and this is also
the measure of the magnetic force there, for the force is due to
a pole m at a distance r.

§ 6. Uniform Magnetic Field.—In & uniform field—that is to
gay, a field in which the magnetic force has the same direction
and the same intensity at all points—the lines of force are
straight, parallel, and equally spaced. The magnetic field due
to the earth’s action as a magnet is sensibly uniform throughout
any small space, such as that of a room. Good approximations
to a uniform field can be obtained by suitable arrangements of
magnets, or of conductors carrying electric currents. Thus, if
we take & long uniform solenoid or helix of wire, wound so that
the diameter is constant and the number of turns is the same in
each unit of the length, and pass a current through it, a magnetic
field will be produced which is very nearly uniform throughout the
whole space within the solenoid, except close to the ends. The
value of the magnetic force in this field due to the current is
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of a bar, the metal is said to be uniformly magnetised. If we
could cut up such a bar by cross-sections into short lengths with-
" out disturbing the uniformity of the magnetisation, we should
find every part to be a magnet with the same pole-strength as
the original bar. If we could split it by longitudinal sections we
should find the pole-strength of each part to be proportional to
the area of cross-section in that part. In other words, if we
could cut up the bar in any manner (always without altering the
magnetic state of the metal) we should find that the pieces were
8eparate magnets of which the moments were proportional to the
volumes of the pieces. The magnetic moment of each piece
will be the same fraction of the magnetic moment of the uncut
bar as the volume of the piece is of the volume of the uncut
bar. The magnetic state which existed throughout the. bar
before it was cut, and exists throughout each piece after cutting,
may be specified if we state the moment per cubic centimetre of
the metal. This quantity is called the intensity of magnetisa-
tion, and is usually denoted by .

§ 8. Relation of | to Pole-Strength.—Let M be the moment
of a uniformly magnetised straight bar ; let { be the length of
the bar in centimetres, s its area of cross-section in square centi»
metres, and m its pole-strength..

Then M=ml
The volume of the bar is s,; hence I, which is M divided

ml
meoor ™,
sl 8

We might, therefore, have defined | as the pole-strength per-
square centimetre of sectional area. It is useful to remember
that | has also this meaning, but the essential idea implied in
the phrase “intensity of magnetisation” is better conveyed by
the definition of | given above. We are to think of | as the
measure of a polarised state which has a true existence every-
where in the substance of the metal, though it manifests itself
only at the ends, so far as external action is concerned. '

.by. the volume, is

§ 9. Ring Magnet.—The usefulness of this idea will be at once
apparent if we consider what happens when a uniformly mag-
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tinuous closed curves, and pass across the gap, forming lines of
force there. If we measure the magmetic force within the
crevasse, we shall find it equal to this quantity, 4 = I, together
with whatever other magmetic force may act there in con-
sequence of electric currents or magnets in the neighbourhood.
That part of the magnetic force within the crevasse which is
represented by 4 x|, is directly due to the breach which we
have made in the continuity of the magnetised ring. It may
be regarded as existing there in consequence of the fact that
lines of magmetisation within the metal are necessarily con-
tinuous with lines of force outside the metal.

Fia. 4,

Take another way of looking at the matter. We may think
of this force within the crevasse A B as due to free magnetism
on the surfaces A and B. When we out the crevasse in the
magnetised ring, we bring into existence a positive pole which
is distributed over the surface at A, and a negative pole which
is distributed over the surface at B. The strength of each of
these poles is | s, and the surface-density of free magnetism—
that is to say, the amount of free magnetism per square centi-
metre of surface—is |. By a well-known proposition in the
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also of the forces which are contributed by the poles of the
piece itself.

§ 13. Magnetic Induction.—The whole group of lines which:
cross the crevasse is to be conceived as existing within the metal
before the crevasse was cut, partly as lines of magnetisation and
partly as lines of force. The whole group of lines which croes
the imaginary crevasse consists (per square centimetre) of the
resultant of 4 7| and H. This resultant is called the magnetic
tnduction within the metal, and is denoted by B. The quan-
tities 4w | and B are vectors, having direction as well as mag-
nitude, and are to be compounded as forces or velocities are
compounded. If H and | happen to have the same direction,
B is numerically equal to the sum of 4 | and H. In any case

the equation B=47r1+H

is true when understood in the vector sense, that B is the
resultant of 47| and H. In most of the cases that are of prac-
tical interest H has either the same direction as B or it has
the opposite direction, so that the above equation holds good
in the numerical sense when the proper sign (+ or - )is given
to H, according as it assists or opposes the magnetisation.

§ 14, Distinction between Magnetic Induction and Mag-
netic Force within the Metal.—The lines of magnetic induc-
tion (B) within the bar are continuous with the lines of
magnetic force in the space outside—that is to =ay, every
Line of Force outside is completed, so that it forms a closed
curve, by a Line of Induction inside. For many purposes
B is the most important quantity by which the magnetisation
of a magnet may ba specified. In a dynamo, for instance, it is
the value of B in the armature core that determines the
strength of the magnetic circuit. The analysis of B into two
components, H and 4=l, is no doubt hlghly artificial, but
it is of service when we have to deal with the relations which
exist between the magnetism of a magnet and the influences
which are affecting its magnetism from outside. The student
will find it useful to picture to himself the state of a magnet at
any point of its substance by thinking of two groups of lines as
passing through the metal, namely, 4 7 | and H, which combine
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this force, together with the force 47Cn due to the cur--
rent. The force due to the free magnetism at the ends is
opposite in direction to that due to the current; hence H at
any point within the metal is less than 4= Cn by an amount
which depends on the distance of the point considered from the
ends of the bar. The longer the bar is the more nearly will H
be identical with 4w Cn, and if the bar is very long, so that
the ends are too far removed to have any material influence, we
may take the magnetic force on central portions as sensibly
equal to 47 Cn.

Again, in a permanent bar-magnet there is at any point a
certain magnetic force, H, due to the free magnetism at the
ends, and opposite in direction to the lines of magnetisation
within the metal. We may call this the self-demagnetising
force exerted by the bar, since its tendency is to reduce the bar’s
magnetisation. .

Again, a long piece.of straight iron wire stretched in the
direction of the lines of force of the earth’s magnetic field is
acted on by a magnetic force, H, equal to the force of the earth’s
field. If the wire is hung vertically it is convenient to treat
the earth’s field as consisting of a horizontal and a vertical com-
ponent. The former is a magnetic force which acts across the
wire ; the latter is in this case much the more important of the
two, for it constitutes the whole longitudinal part of the mag-
netic force H, and, as we shall presently see, it is upon this
almost wholly that the magnetisation of the wire depends.

§ 16. Magnetic Permeability.—In general, when a substance
is placed in a magnetic field it becomes magnetised. The
connection between the magnetism it acquires and the mag-
netic force which acts upon it may be expressed in two ways.

One of these ways is to compare the magnetic induction B
which is produced in the metal with the magnetic force H to
which that induction is due. For many purposes this is the
most convenient way.

To fix our ideas let us think of a very long uniform rod placed
in a uniform field of magnetic force, with the direction of its
length parallel to that of the lines of force. When the rod
becomes magnetised its ends disturb the field of force, but we
can get rid of any trouble about the ends by thinking of the
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B at any point of the metal to the magnetic force H which
acts within the metal at that point. The permeability is
usually denoted by g ; so that we have
B

b= A )
.In this definition it is to be understood that B, the magnetic
induction, has been produced by subjecting the material to a
magnetio force, H.

§17. Permeability of Paramagnetic and Diamagnetic Sub-
stances.—A paramagnetic substance is one in which the per-
meability is greater than that of empty space. In other words,
when such a substance is placed in a magnetic field it will
become magnetised in such a way that B is greater than H.
The lines of force of the surrounding field will converge more or
less towards it, preferring it to the neighbouring space as a
magnetic “conductor.” Iron, nickel, and cobalt are para-
magnets with exceedingly great permeability.

In a diamagnetic substance, on the other hand, the per-
meability is less than that of empty space. When such &
substance is placed in a magnetic field, the lines of force more
or less avoid it as a bad “conductor,” preferring the space
outside. No substance is more than slightly diamagnetic.
Even in bismuth, which is the most highly diamagnetic
substance krown, the magnetic permeability is very little less
than unity : its value is about 0-99982.

The permeability of air is sensibly the same as that of empty
space. Hence, when a magnetic field is formed in air, the lines
of induction are indistinguishable from the lines of force. Itis
only when the lines pass into a substance which is either para-
magnetic or diamagnetic that the distinction between magnetio
force and magnetic induction must be maintained.

§ 18. Illustrations of Permeability.—By way of illustrating
the behaviour of paramagnetic and diamagnetic substances when
placed in a magnetic field, Fig. 5 and Fig. 6 have been copied
from one of Sir William Thomson’s Papers.* In Fig. 6 a
magnetic field which was originally uniform has been disturbed

* Reprint of Paper on * Electrostatics and Magnetism,” pp. 489 and 491,
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netic induction within the sphere is uniform. Fig. 5 may be-
taken to represent what happens when a homogeneous spherical
ball of soft iron is placed in an originally uniform magnetio-
field.

Fig. 6 shows in the same way how an originally uniform field
of force is disturbed by the introduction of a sphere of diamag-
netic material. The material here is a purely imaginary one,.
with permeability barely one-balf that of the surrounding
medium, and is far more highly diamagnetic than any actual
substance. :

The student will not fail to notice that the convergence or-
divergence of the lines of induction, illustrated by these typical
cases, depends on whether the permeability of the body is
greater or is less than the permeability of the medium in
which it is placed. If the surrounding medium were itself
a paramagnetic substance, the case shown in Fig. 6 might be-
realised by choosing for the material of the spherical ball a.
substance whose permeability was about half (more exactly:
0°48 times) that of the substance surrounding it.

We shall return to these figures later, in speaking of the-
influence which the form of the body that is placed in a.
magnetic field exercises on the amount of magnetic induction.
within the body.

§ 19. Magnetic Susceptibility.—When a substance is mag--
netised by subjecting it to the action of magnetic force, the-
relation of the induction B to the force H measures, as we:
have seen, the permeability of the substance. But instead of
expressing the magnetisability of the substance by stating the:
relation of the induction B to the force H, we may state it in
a different way by giving the relation of the intensity of mag-
netisation | to the force H. The ratio of the intensity of
magnetisation to the magnetic force producing it is called ther
magnetic susceptibility of the substance, and is usually denoted
by «; thus |

k=_,
H

§ 20. Connection of the Ideas of Permeability and Sus-

ceptibility.—We have seen (§ 13) that

B=4#xl+H;
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into components along axes chosen in the directions which
give greatest susceptibility and least susceptibility, find the
component magnetisation in each of those directions by
multiplying each component force by the value which the
susceptibility has in that direction, and then compound these
components of magnetisation to find the resultant value of I.
In such a case the direction of the resultant magnetisation will
not in general coincide with that of the resultant magnetic
force, and the equation B=4 =1+ H will be true only when
interpreted in its vector sense.

But in the cases of magnetisation in iron which have ordi-
narily to be dealt with, it is not necessary to take account of
this consideration, for the material is either sufficiently nearly
isotropic, or the direction of the applied magnetic force coin-
cides with an axis of greatest or least magnetic susceptibility,
and the effect is that | and B have the same direction as H.

§ 22. Influence of the Form of Bodies on the Magnetisation
induced in them.—When a body is placed in a magnetic field
the degree to which it becomes magnetised depends not only
on the original strength of the field and on the permeability of
the substance, it depends also (often in very great measure) on
the form of the body. This is because the body, in becoming
magnetised, generally disturbs the field, causing the magnetio
force at any point within or near the body to be different from
the force that existed there before the body was introduced.
The free magnetism which is developed by the body’s magneti-
sation contributes to produce magnetic force, and so affects the
resultant value of the force at any point, inside the body or
outside, that is not too far off to be sensibly affected. With
iron and other very susceptible materials this disturbance of
the field is often so great that the original value of the mag-
netic force is not even a rough approximation to the value
the force assumes when modified by the magnetisation of the
body. The intensity of magnetisation at any point within the
body depends on the actual value which the magnetic force
assumes at that point, and this in its turn depends partly
upon the magnetisation of the body as a whole. When
we wish to examine the magnetic susceptibility or per-
meability of a substance, we require to know the actual value
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netism chiefly resides, are too far off to have much influence.
The amount of magnetic induction is consequently greater in a
long rod than in a short one of the same breadth and thickness,
the original strength of the field and the permeability of the
substance being the same in both cases. When a very long
rod is placed lengthwise in a uniform field the influence of the
ends becomes almost insensible, and the actual magnetic force
at points within the rod is then almost the same as at points
outside, except near the ends. The magnetisation will be
practically uniform throughout the middle region, but will fall
off towards the ends.

When the substance of the rod is very permeable, the rod
must be very long relatively to its transverse dimensions before
we may neglect its reaction upon the magnetic field, and before
we may treat the magnetic force at internal points near the
middle as sensibly equal to the force at external points, and
the magnetisation as nearly uniform. When the substance -
is less permeable a shorter length will give an equally good
approach to uniform force and uniform magnetisation.

§ 24. Analogy of Induced Magnetisation to Electric Con-
duction.—The concentration of magnetic induction which takes
place when a permeable body is placed in a magnetic field is
analogous to the concentration of electric flow which may be
brought about by immersing a piece of copper in a tube full
of mercury, through which an electric current is passing. Let
the tube be wide and long, and let the current in it be uni-
formly distributed over the whole crosssection: we have in
this the analogue of a uniform magnetic field. Suppose a
short piece of copper wire to be inserted and held lengthwise
anywhere near the axis of the tube. The lines of electric flow,
which before were straight and parallel, converge more or less
towards the piece of copper, preferring to crowd into it because
its conductivity is much greater than that of the surround-
ing medium. The whole current is divided between the copper
and the mercury around it, the copper taking a share that is
greater than the proportion which its cross-section bears to that
of the whole conducting tube. The current enters and leaves the
copper not at the ends merely, but also along the sides, especially
near the ends. If the piece of copper is short, there can be no
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in Fig 5. The reaction of the body on the field is such that.
the magnetic force at outside points near the body is no-
longer uniform. But at internal points the effect of the

reaction is different. The force becomes uniform there, with a

value, however, which is less than the value it had in the undis-

turbed field. This uniform internal force implies uniform indue-

tion and uniform intensity of magnetisation—that is to say,.
each of the quantities H and | and B is uniform throughout

the whole of the body ; but it must be borne in mind that H:
differs, and often differs greatly, from the value which the force-
had originally, and still has in distant parts of the field. The-
amount of this difference will depend on the shortness of the-
ellipsoid and the intensity of its magnetisation. For brevity

we shall use H' to designate what may be called the external

force—that is, the original value which the force had before

the field was disturbed, or, what is the same thing, the value

which the force still has at distant external points; and we

shall keep H to mean, as usual, the actual magnetic force at.
points within the metal.

§ 26. Magnetisation of an Ellipsoid (continued).—The case of °
an ellipsoid subjected to the action of an originally uniform field
is of so much practical interest that it is worth while to state here
some of the results of calculation which are applicable to it.

Suppose the ellipsoid to be set with one of its axes pointing
in the direction of the magnetic force. Let ¢ be half the-
length of this axis, and a and & half the lengths of the other
axes, which point in directions that are perpendicular to the-
direction of the force. It will suffice to take the case of an.
ellipsoid of revolution, in which a=5.

The original external force being H’ and the force actually
operative being H, we have

- H=H'-NI|,
where N is a number depending on the relation of the-
length of the ellipsoid to its transverse dimensions. We may
express N in terms of the eccentricity e.  'When the ellipsoid.
is of the prolate or elongated form, Fig. 7 (the polar diameter-
2¢ or CC' greater than the equatorial diameter 2a or A A’),,

P
e=¢l—§,
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it may be shown that for a sphere N = —;-u-, 8o that
, 4w

H=H 5!

Dividing by H we have
H_4_ | _H_4
1 ﬁ 3 T .ﬁ = q 5 T K.

Hence, the proportion which the true magnetic force H bears
to the force in the undisturbed field is

H_ 1

H $xc+l’
This shows that when the material is very susceptible, so
that « is large, the true force H is only a small fraction of H'.
Tp take a practical instance, the susceptibility of soft iron to
weak magnetio forces, such as those produced by the earth’s
field, is about 20. Assigning this value to x, we have
=7=§15 approximately. Thus the true magnetio force within
a spherical ball of soft iron placed in the earth’s field is only
about the gth part of the force in undisturbed parts of the
field, and the magnetisation | which the. ball will take up is
only about ggth of that which would be taken by a yery long
rod of the same material set lengthwise in the direction of the
lines of terrestrial magnetic force.

Again, as to the magnetic induction in the sphere and its

relation to the permeability; we have (remembering that the
permeability p=47 k+1)

! 3
B= H=.——FH =-—-F H’o
K $rc+1l p+2

When p is exceedingly large, the factor 3+" 3 approximates to-
' K

3. Hence, in a sphere of very permeable material, the number
of lines of induction through the sphere (per square centimetre
of section) is nearly three times the number of lines in the
undisturbed field. This is the case in the sphere of Fig. 6 (the
proportion of the closeness of the lines inside to that of the
lines outside at a distance from the sphere being ,/3 to 1, as
seen on the plane of the diagram). The student should
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the amount of induction, and the figure may be accepted as’
representing very nearly what would happen if the ellipsoid
were of soft iron.*

§ 31. Application to the Case of a Long Cylindrical Rod of”
Circnlar Section Magnetised Transverselyin a Uniform Field.—
This case, of which an example is furnished by a long wire
stretched in the earth’s field in a direction perpendicular to the
lines of force, is deducible from the general case of the ellipsoid
by making one of the axes infinite.t This gives N =2, so-
that H=H'-2~1.

Hence, ﬂ,:- ! and B_2w

H 2rx+1 H p+l

Thus, when g is. very large, as it is in soft iron, the trans-
verse induction B across the wire approximates to a value-
which is twice that of the external field. This is a very small
induction compared with that which the same wire would.
take longitudinally if it were set lengthwise instead of cross-
wise in the field (compare §15 above). If we assume x to be:
20, the proportion of the induction in the two cases is about
1 to 127.

It follows from this that when we hang a wire vertically in
the earth’s field, the transverse magnetisation due to the hori--
zontal component of the earth’s field is so small that account

* Generally, to find the proportion of the induction B within an ellipsoid.
to the force H’ in the undisturbed field, we have :—

H'=H+N|,
=H+N (B-H),
4x
_afl N 1
=8 (it 0-7)

‘When the permeability of the substance is very great, the expression:

within brackets approximat-s to %, giving B=9N’_' H'.  In the case con-

sidered in the text, 4—|:-is 133

+ And using a formula (not quoted in § 26) which refers to magnetisa-
tion in the direction of an equatorial axis, See Maxwell, loc. cit.
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need not in general be taken of it, and the same thing is true-

of the transverse magnetisation of a wire laid horizontally in
the earth’s field.

§ 32. Case of a Thin Disc Magnetised in the Direction of the
Thickness by a Uniform Field.—We may find the true mag--
netic force within a disc or large thin plate magnetised nor-
mally in a uniform field from the fact that the lines of induction
B within the dise are continuous with the lines of force H' in.
external space, and if the disc is very wide in comparison with
its thickness, the lines go straight through it without sensible.
distortion. Thus H'=B=47l+H, so that H=H' -4,
%F.'_l‘_, and the induction within the disc is the same what-
ever be the permeability of the material. The same result:
may be derived from equation (3) of § 26, by making a inde-
finitely great in comparison with ¢. . This gives e=1 and
N=4m. '

§ 33. Long Ellipsoid : Influence of the Length on the Mag--
netising Force.—Returning now to the general case of a long-
ellipsoid of revolution placed longitudinally in a uniform mag-
netising field, it is interesting to notice to what extent the-
uniform magnetisation of the ellipsoid itself affects the magnetic:
- force, when we assume various values as the ratio of length.
(2 ¢) to transverse diameter (2 a).

In the formula

H=H'-NI,

B-H
Wwe may write e for | (by § 13), and if the material is very:
permeable, so that B is large compared with H, this will be.

very nearly equal to 4% simply. Hence in an ellipsoid made of.

very permeable material, such as iron,

H=H'- :l—ﬂ_ B, very nearly.

N
The following values of N and also of 7+ have been calcu--
lated by means of the expressions in § 26 for ellipsoids in which-
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the ratio of length to breadth is 50, 100, 200, 300, 400, and
500 respectively.

Ratio of Length to N N
Breadth ( %) I

50 0-01817* 0001446

100 000540 0000430

200 000157 0000125

300 0-00075 0000060

400 000045 0°000037

500 000030 0000024

Since H=H'-N|, %=NFI+1=N k+1. The proportion
which the resultant force H bears to the original force H’ in
the undisturbed field,

H_ 1
H N«+1

By the help of the above table it is easy to find this propor-
tion, for an assigned ratio of length to breadth, when the
susceptibility of the material is known.

As an example, we may take k=200 as a representative
value of the susceptibility in soft iron when subjected to a
moderately strong magnetic force. Suppose that the ellipsoid
is 100 diameters long, then '

H_ 1 _ 1
H 00054x200+1 208

In other words, the magnetic force actually operative within
the metal—as reduced by the magnetism of the piece itself—

is in that case rather less than one-half the force due to external
causes.

§ 34, Residual Magnetism and Retentiveness.—When a
piece of any one of the strongly magnetisable metals—iron,
steel, nickel, or cobalt—is magnetised by applying magnetic
force, and the externally-applied force is then withdrawn, it is
found that the magnetisation does not wholly disappear. What

* The approximate formula (2) of § 26 gives 0:01812. For the longer
ellipsoids the values of N calculated from it may be taken as correct.






34 MAGNETISM IN IRON,

§ 36. Self-Demagnetising Force in Ellipsoids.—In the case
of an ellipsoid, uniformly magnetised, the self-demagnetising
force is uniform throughout the body, and its value is

N1,

where N has the same meaning as in § 26, and | is the residual
intensity of magnetisation.

To get an idea of what this may amount to in actual cases,
we may take 1,000 C.-G.-S. units as a residual value of | which
is commonly enough found in the magnetisation of iron.
‘When an ellipsoid is 200 times as long a8 it is broad the value
of N is 000157 (by § 32), and a residual intensity (I) of 1,000
would therefore produce a self-demagnetising force of 1-57.
The experimental results which will be given later will show
that a force of this magnitude is by no means insignificant,
and that it would, in fact, be sufficient to remove a large part
of the residual magnetism. It is only when the length is as
much as 400 or 500 times the transverse diameter that the-
self-demagnetising force in a material so susceptible as iron
becomes nearly negligible.

I
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coil uniformly all round it, we secure a magnetic field which is
uniform throughout the length of the ring, and nearly uniform
throughout each croessection. The magnetic force operative
on the metal is quite independent of the magnetism of the
piece itself. The ring has no poles; it does not react on the
magnetising field ; and when the external force is withdrawn
it exerts no demagnetising force upon itself.

Ellipeoids, long rods, and rings have all been used in testing
the permeability and other magnetic qualities of iron. Recent
experiments have, as a rule, been made either with rings (or
pieces equivalent to rings), or with very long cylindrical rods.
From some points of view, long ellipsoids would be the most
satisfactory of all forms of specimen, but the difficulty of
shaping them correctly is a serious obstacle to their use.

§ 38. Olassgification of Methods: Magnetometric and
Ballistic.—The magnetisation produced in a specimen by apply-
ing magnetic force, or, more generally, the change of magnet-
ism uced by any change in the force, is usually measured
in one or other of two ways.

In one—the magnetometric method—the magnetism of the
piece is measured by observing the deflection of a magnetic
needle suspended near it, called a magnetometer. This method
is applicable when we deal with ellipsoids and rods, but ob-
viously cannot be used with rings, since a uniformly magnetised
ring exerts no magnetic force in the neighbouring space.

In the other method, any change in the magnetic induction
within the specimen is determined by measuring the transient
current which is induced in a surrounding coil when the change
of induction takes place. The coil acts like the secondary
wire of an induction coil or transformer. When any change
takes place in the number of lines of induction surrounded by
the coil, a transient current is produced, the whole quantity of
which (that is to say, its time-integral) is proportional to the
- change. This transient current is measured by passing it
through a * ballistic ” galvanometer, which is a galvanometer
with a needle that swings slowly enough to allow practically
the whole of the transient current to pass before the needle
has stirred to any sensible extent from its position of rest. This
“ ballistic ” method is applicable to rings as well as to rods of
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a8 we have seen in § 27, equivalent to a positive pole of strength
= a? | at Q and an equal negative pole at Q, the distance Q Q'
being%c. The deflecting force F; which the bar produces at
the magnetometer is the resultant of the equal forces

78 ang - T2

oQ 0Q*?
Its direction is parallel to the bar, and, as the diagram shows,

T2l oo
F’. _'O=Q'g . oQ Q . O Q’
72 1QQ 4walel

0Qs 30Q°
And, since F3=F, tan 6, we may put this result in the follow-
ing form, suitable for finding the intensity of the bar’s mag-
netisation :—

or g

j=30QF, tan 0
4ralc

§ 40. Magnetometric Method (continued).—Another position
for the specimen to be magnetised is shown in Fig. 14. The
plane of the sketch is vertical. O is the magnetometer, the
needle of which, when undeflected, points at right angles to the
plane of the paper. The bar is fixed behind it, standing ver-
tically with its upper pole at the level of the magnetometer.
The deflecting force F, is mainly due to the upper pole: its
value is—

Tl (@1y0Q sl (1 9y,
0Q: \oQ?/0Q 0@ o
And since this is equal to F, tan 6, we have
0Q*F, tan 6
T
{1y
the text is not applicable ; but it is in any case practicable to calculate the

deflecting force ab O, since the distribution of free magnetism along 0O’
is known.
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tan 0 we may write 6, which is equal to .;_D, 8 being the
deflection as measured on the scale, and D the distance of the
scale from the mirror expressed in scale divisions.

Fig. 16 illustrates an arrangement for examining the mag-
netic quality of long thin rods or wires by the ¢one-pole ™
variety of the magnetometric method. The specimen is slipped.
into a tube, A, which is clamped in a vertical position behind
the magnetometer B, the distance being adjusted by trial to-
make the deflection conveniently large. Over the tube &
magnetising solenoid is wound, extending a little way above-
and below the wire core, 8o that the magnetising force inside-
may be sensibly uniform, except in so far as it is affected by
the ends of the specimen itself. (When only one wire is to be-
tested, the magnetising solenoid may conveniently enough be-
wound on the wire itself, instead of on a tube.) Owing to the-
vertical position of the specimen, it is exposed to the vertical
component of the earth’s magnetic force. For many purposes.
it is desirable to eliminate this, so that the only force acting-
along the wire may be that due to the magnetising solenoid..
To secure this a second solenoid is wound upon the tube, and.
through it a constant current is kept up, the strength of which
is adjusted (by a method to be described later) until the mag-
netic force it produces within the tube just balances the earth’s
vertical force. In the sketch, the single gravity Daniell cell C
and the resistance box D give the means of maintaining and
regulating this constant current.

In cirouit with the main solenoid and behind the specimen.
is a coil, E, consisting of a few turns of wire wound on &
wooden frame which can slide towards or from the magmeto-
meter, its axis passing through the magnetometer at right
angles to the undeflected direction of the needle. This * com-
pensating coil,” as we shall call it, serves to neutralise the
direct action of the magnetising solenoid upon the magneto-
meter. Its position is adjusted thus: Before putting the speci-
men to be magnetised into the magnetising solenoid, pass a-
fairly strong current through the solenocid and the compensat-
ing coil, and push the coil backwards or forwards until the-
magnetometer shows no deflection. The adjustment remains:
correct for all currents, and its effect is that when the specimenr
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is put in no deduction has to be made from the observed
deflection on account of the magnetising solenoid.

We may of course allow for the effect of the solenoid without
using a compensating coil, by observing what deflection the
aolenoid itself produces with a given strength of current when
the specimen is removed, and then making a proportional
deduction for other currents. The compensating coil, however,
has a great advantage over this in point of practical convenience,
and has other uses besides, of which examples will be given
later. :

In each part of the connections the leading wires are twisted
together—a very necessary precaution to prevent their acting
on the magnetometer,

In examining the permeability of a specimen, a weak mag-
netising current is first applied, and this is increased step by
step or continuously, observations of the current strength being
taken along with observations of the magnetometric deflection.
A storage battery forms the most convenient souree of current ;
if that is not available, a battery of gravity Daniell cells will
do well. To observe the current strength, any good form of
galvanometer or ampere-meter may be kept in cireuit with
the magnetising solenoid. A plan which is as good as any is to
use a low-resistance mirror galvanometer, strongly controlled
by a fixed permanent magnet, and test its sensibility by
passing & current through it from a gravity Daniell cell ; the

strength of the current in amperes may be taken as l}g, where

R is the total resistance of the circuit in B.A. units. Care must
be taken to set up the galvanometer far enough away from the
magnetometer to prevent one from acting on the other.

In many magnetie experiments it is desirable to have the
means of altering the magnetising current continuously instead
of by steps, between zero and its highest value. This is con-
veniently effected by using the liquid rheostat, or potential
slide, shown in Fig. 17. A tall glass jar of fairly uniform bore,
two inches or so in diameter, is filled with dilute solution of
sulphate of zinc. Three blocks of amalgamated zine, @, b, and
¢, are fitted in the jar, one lying at the bottom, another
fixed at the top, and the third hung between them so that
it may’ be raised or lowered by the cord d which passes
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over a pulley above to the little winch at e. The blocks
are connected to three terminals at f, insulated wires being

Fo. 17.—Liquid rheostat used for the purpose of continuously altering
the strength of the magmetising current. v

Fre. 18,

led up through the liquid from the middle and lower
blocks. The battery is connected to ¢ and ¢, so that the liquid
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column forms a shunt to it, and a part of its E.M.F. is taken off
to produce current in the magnetising solenoid by connecting
the ends of the solenoid to one of the fixed and one of the mov-
ing blocks, say @ and . Thus, when b is raised into contact
with @ no current passes through the solenoid, and when b is
gradually lowered the current increases, reaching its highest
value when & touches ¢. With this slide it is easy to adjust the
current to any intermediate value, and to keep it constant for
a8 long as may be wished.

Fig. 18 is a general diagram of the connections. The letters
A, B, C, D and E refer to the same parts asin Fig. 16. Fis a
revolving commutator, G a galvanometer for measuring the
magnetising current, and H is the slide described above.

§ 42. Demagnetising by Reversals.—The liquid slide gives
a handy means of performing & process which is resorted to
when we wish to rid the specimen of any initial magmetism
it may possess, or to wipe out the residual effects of previous
operations. The process of ‘ demagnetising by reversals”
consists in applying a numerous series of magmetic forces
«lternating in divection, and gradually diminishing to zero.
A commutator or rapid reversing key is inserted either between
the battery and the slide or between the slide and the mag-
netising solenoid. Working it rapidly with one hand, and turning
the winch-handle of Fig. 17 very slowly with the other, the
operator applies a long series of alternating magnetising currents,
cach a very little weaker than the one before it, and the result
is, when the process is carefully conducted, to remove all trace
of residual magnetism, provided the strongest current of the
series is at least as strong as the current by which the piece
had been previously magnetised.

§ 43. Adjustment of the Current Required to Balance the
Vertical Component of the Earth’s Field.—The operation of
demagnetising by reversals will not be completely successful
unless the earth’s vertical force is very exactly balanced, other-
wise there will be a one-sidedness in the alternate opposite
magnetic forces, which will show itself by leaving a persistent
vegidue of magnetism in one direction or the other, the direc-
tion depending on whether the constant current which is applied
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swing the deflecting magnet in the place where the magneto-
meter is to stand.

But in general all that is required is to go through as much
of this process as will serve to find the relative values of F,
and the horwzontal field F at a place where there is no local
magnetic disturbance. In most places F is sufficiently well
known from the results of recent magnetic surveys, so that
the absolute value of F; may be deduced when we know the:
ratio it bears to F.

To compare the two, take a short straight piece of perma-
nently magnetised steel wire, and suspend it to hang hori-
zontally within a glass vessel by a little cradle and a silk fibre
3in. or 4in. long attached to the cover, so that it is free to swing.
Put it where the magnetometer is to stand, and set it swinging
torsionally (not in pendulum fashion). This is most easily done
by bringing a bar magnet near it, and then drawing that away,
keeping the two poles of the bar equally distant from the hang-
ing wire. When the swings have subsided so that the motion
is no more than 5deg. or so to either side, begin to count them.
Note with a watch the instant at which the magnet swings
past its middle position towards one side, count 30 or 40 com-
plete swings, and again note the time the magnet swings
past its middle position towards the same side. Find
in this way the time ¢, (in seconds) required for one
complete swing. Then take the swinging magnet to some
place (outside) where there is nothing to interfere with the
terrestrial magnetic field, and repeat the counting there:
to find the time that is required to make one complete swing
when the only directing force is the horizontal component F of
the earth’s field. The directing force is inversely proportional
to the square of the period of swinging, hence the directing
force ab the place where the swings were first counted

Fi?2
FI-_t_aLc

‘When the magnetometer is furnished with a “compensating’
coil” (§ 41) the following is a good way to find F,. Remove
the magnetising solenoid and set the compensating coil at a
known distance, O A (Fig. 19), behind the magnetometer. Pass
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The directing force at the magnetometer F, was 0-299 in
C.-G.S. units. The deflections were read in millimetres, and
the scale was set at a distance of 1 metre from the magmeto-
meter. Hence one scale division of deflection corresponds to
a value of zg4 for 6 or tan 6.

Substituting these values in the expression of § 40,

1.0Q. Flta.n0

rd’{l ( )}

we have | for one scale division of magnetometer deflection

4x102x 0299
3-1416 x p-077% x 09665 x 2000

=3-32.

Again, the magnetising solenoid contained 69 turns per
centimetre of its length. Its magnetising force for one ampere
of current was, therefore,

4 7x69

=86-T.
10 7

The current was measured by a mirror galvanometer, which
was found to give a deflection of 575 scale divisions, with a
current of 0235 amperes. This corresponds to 0000408
amperes per scale division. Hence the magnetising force for -
one scale division of the galvanometer was

86-7 x ‘000408 =0-0354.

After the independent current (in a separate solenoid) which
was required to balance the vertical component of the earth’s
force had been adjusted, the process of demagnetising by
reversals was gone through to wipe out any traces of magnetism
the wire might have acquired in handling. Readings of the
magnetometer and galvanometer were then taken, while the
current was slowly increased step by step from gzero till the
magnetic force reached a value of 22:27 units. Then the
rurrent was slowly and step by step reduced to zero, the mag-
netism retained by the specimen being observed at each stage,
and then a negative current was applied, giving a reversed
magnetic force, which was slowly increased until the residual
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magnetism began to become reversed. The results of the
experiment are stated in Table I. Column 1 gives the ob-
served galvanometer deflections, and column 2 the magnetising
force calculated from them. This is the force produced by the
solenoid; in the notation of §25 it is H’, and is a little greater
than the true magnetic force M, which is diminished by the
action of the ends of the specimen when it becomes magnetised
(see §47 below). Column 3 gives the observed magnetometer
-deflections (due to the wire alone), and column 4 gives values
of | calculated from them.

TaBLE I.—Magnetisation of Anmealed Iron Wire,

Magnetus Vogrolsing | Magacummet ®
e cur- e agnetometer
l'ent‘%?;&l. readings). &%‘l:)rce. I%eadings. !
0 0 0 0
9 0-32 1 3
24 086 4 13
39 1-38 10 33
59 218 28 93
79 2-80 89 295
99 360 175 581
119 421 259 793
139 492 279 926
159 563 304 1,009
189 6-69 327 1,086
239 846 348 1,166
289 10-23 359 1,192
342 12-11 366 1,212
441 15-61 373 1,238
b74 20-32 378 1,265
629 22-27 380 1,262
464 16-42 379 1,268
239 846 376 1,245
139 492 372 1,235
89 3156 369 1,225
39 1-38 363 1,205
0 0 350 1,162
- 116 -0-41 342 1,135
- 23 -081 329 1,092
- 31 -110 318 1,056
- 41 —-145 295 979
- b1 -1-80 253 840
- 62 -2-20 166 5561
-7 -2'51 70 232
- 81 -2-87 -12 -40
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§ 46. Magnetisation Ourve.—A convenient way of repre-
senting such results graphically is to draw a curve showing
the relation of the magnetising force to | or to B. In Fig. 20-
a curve showing the relation of the magnetising force of the
solenoid to | is drawn from the above table. O A Bis the
ascending limb, got by applying and increasing a magnetising
ourrent, the iron being originally in a non-magnetised and per-
fectly neutral state. From B to C the magnetising current is
being reduced to zero; from C to D an increasing negative
ourrent is being applied.

This example is thoroughly characteristic of the behaviour
of annealed wrought iron. The ascending limb of the curve may
be divided, broadly, into three portions. In the first, under
feeble magnetic forces, the gradient of the curve is very small,
which means that at this stage there is (comparatively) very
little magnetic susceptibility.* Later, as the force increases,
the ourve becomes exceedingly steep, and nearly straight ; this
is the region of great susceptibility. Then, lastly, the curve
rounds off until the rate of ascent again becomes small, so that
the susceptibility diminishes, and any considerable addition to-
I can then be brought about only by applying a very strong
magnetising force.

This third stage is a necessary consequence of the well-
known phenomenon of magnetic *saturation.” We shall see
later that the value of | has a definite limit which cannot be
exceeded no matter how high the magnetic force be raised.

§ 47. Residual Magnetism and Ooercive Force.—In she
descending limb of the curve it is interesting to notice how
little of the magnetism disappears as the magnetic force is
withdrawn. Even when the solenoid current is reduced to
gero, the residual magnetism O C is in this case 1,162 C.-G.-S.
units, which is no less than 92 per cent. of the value reached
when the current was in action (1,262 units). This residual
magnetism is, however, very feebly held. Applying a reverse

* The comparatively small susceptibility of iron to feeble forces seems-
to have been first clearly pointed out by Stoletow (Phil. Mag., VoL XLV.,
1873, p. 40), whose observations on the relation of magnetisation to mag-
netic force were confirmed and greatly extended by Rowland (Phil. Mag.,
Vol. XLVI, 1873, p. 140 ; and Vol. XLVIII,, 1874, p. 321),
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§ 49, Differential Susceptibility and Differential Permeability,
In many cases we are less concerned to know the actual ratio
of I or of B to H than to know the rate at which | or B is
increasing or diminishing with respect to H—in other words,
the gradient of the magnetisation curve. We have seen that

the gradient ;l% begins by being small, then becomes very large,

and then again becomes small as the region of saturation is
approached. Prof. Knott has proposed to call this quantity the
gifferential susceptibility”; similarly Z_HB' may be called the
differential permeability. In the example which has been
quoted, the differential susceptibility (after applying the ellip-
soidal correction) has a maximum value in the ascending limb
of 530, which is sensibly constant, while | changes from, say,
150 to 650. The corresponding differential permeability is
6,660. In the descending limb the greatest differential suscep-
tibility is 1,660, and this is sensibly constant, while | changes
from 700 to 0 (and to — 700, as we shall see later in other
examples). The corresponding differential permeability is
20,850.

§ 60. Supplementary Remarks on the Magnetometric Method.
In testing the magnetisation of soft.iron, especially if the
specimen be at all thick—it will be found necessary to pause
after each increase in the magnetising current, and to keep the
current constant for some seconds, or even minutes, before the
iron takes its full magnetisation. The “creeping up” of the
magnetometer deflection which takes place after each increase
of magnetising force will be spoken of more fully in a later
chapter.

If the specimen is placed rather near the magnetometer and
the deflection threatens to become greater than the scale will
measure, the magnetometer needle may be brought back
towards its undeflected position by using a permanent magnet
(a hard steel wire will do well) to counterbalance a part of the
deflecting force exerted by the specimen under examination.
This compensating magnet must be placed so that it exerts no
force at the magnetometer except in the direction exac.y oppo-
site to that of the force the specimen exerts. In othc - words,
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OP Q. The slope of this line is found by observing the deflec-
tion given by the coil and solenoid when the specimen is taken
out and a known current is applied. When the specimen is put -
in and the process of magnetisation is gone through, the actual
deflections of the magnetometer are, of course, limited to the
(positive or negative) portions of the ordinates.intercepted
between the straight line O Q and the curve. By adjusting the
position of the coil so that O Q is nowhere far from the curve a
high degree of sensibility becomes possible, for the whole range
of the magnetometer scale may then be used in exhibiting the
differences P A, Q B, &c. This method should be specially
serviceable in dealing with ellipsoidal specimens of moderate
length,
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coil. Let Q be the total number of lines of magnetic induction
within the secondary coil, and A Q any sudden chauge which
this number undergoes. Let N, be the number of turns in the
secondary coil, and R, the whole resistance of the secondary
circuit (in ohms), including, of course, the resistance «f the
ballistic galvanometer. Then the whole quantity of electricity
in the corresponding transient current is

N,AQ
R,

The observed throw of the galvanometer measures this, and
the simplest way to calculate A Q from it is to compare this
throw with that which occurs when the number of lines of
induction within a coil in the secondary circuit is changed by
a known amount. In other words, we may most conveniently
standardise the ballistic galvanometer by finding what throw
& known change of induction causes.

§ 52. Barth Coil—Suppose, for instance, that there is
included in the secondary circuit another coil, consisting of a
number of turns of wire wound on a pretty large frame, and
that this is laid flat on a horizontal table, so that it may be
suddenly turned over. By turning it over we cause the direc-
tion of the vertical component of the earth’s magnetic force in
it to be reversed, and thus induce a throw of the ballistic gal-
vanometer due to a known change in the number of lines of
induction within the circuit, from which it is easy to interpret
the throws that are produced by changes in the magnetism of
the specimen.

This “earth coil,” as it may for brevity be called, was first
used in magnetic researches by Rowland.* Instead of lying
horizontally it may stand vertically, facing towards the magnetic
north and south, so that when turned over it will cut the hori-
zontal component of the terrestrial field, or it may be set at
right angles to the dip, so that the whole terrestrial field acts
upon it. The horizontal or the vertical position is, however,
more convenient. For the former a light wooden frame lying
on the table answers well. Fig. 22 is engraved from a photo-

* Phil. Mag., Vol. XLVI,, 1873.
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d, be the throw produced by the magnetic change A Q, which
we wish to evaluate:

N,AQ. , .. 2NAF
then, il s tdy,
from which aQ=2MAFER,d;

N; R, 4,

§ 53. Use of a 8olenoid and Current for Standardising
the Ballistic Galvanometer.—To use the earth coil successfully
" we must know with sufficient accuracy the horizontal or the
vertical component of the local magnetic field. These are apt
to vary in a rather capricious way within a magnetic laboratory.
The following method of standardising a ballistic galvanometer
(due, the writer believes, to Sir " illiam Thomson) is a good
substitute for the method of th- .urth coil. The results it
gives are independent of variation in the local field, but depend
on the absolute measurement of a current. A long magnetising
coil is to be uniformly wound on a brass tube or a wooden rod,
or some other non-magnetic core, the diameter of which must be
accurately known. Over this primary, at the middle of its
length, a short secondary coil is to be wound, and put in circuit
with the ballistic galvanometer. Let A; be the mean area of the
primary coil, and n, the number of turns in it per centimetre of
the length. Then, if a current, C (C.-G.-S. units), be made to
pass through it, the magnetic force (or induction) within it (at.
any place near the middle) is 4= Cny per square centimetre,
and the whole number of lines of force (or induction)
which the current introduces within the coil is 4 = Cn4 A,
If N, is the whole number of turns in the secondary coil, and
R, the resistance of its circuit, the quantity of electricity in the
transient current that passes when the primary current C is
made or broken is

4zCng Ay N,
J.et d, be the throw which this produces, then

aQi7Cns AN Rydy
N2R4d4
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§ 55. Ballistic Tests of Rings and Rods.—Fig. 23 illustrates
the ballistic method as applied to a magnetic ring. The ring A
is wound all over with a primary or magnetising solenoid, the
ourrent in which is measured by G,, and can be subjected to
sudden variations by putting in or drawing out the plugs of
the resistance-box B,, or can be made, broken, or reversed by
the key K. G, is the ballistic galvanometer, in circuit with a
secondary or induction coil (wound over a part or the whole of
the ring), with the resistance box B, by which the amount of
the throws may be varied, the earth coil E and the small ooil D

Cai.}b—ﬁtlll:m*jf

Fi1a. 23.—Diagram of Connections for Ballistic Method.

which is used to check the swinging of the needle. In addition
to the parts shown, it is convenient to include in the primary
circuit the arrangement of liquid slide and rapid reversing key
for demagnetising by reversals, as explained in § 42. "By this
means we can ensure that the ring is in a magnetically neutral
state to begin with.

To test the permeability and to determine the form of the
magnetisation curve, one or other of two plans may be followed :
(1) By Steps. A weak current may be applied and the throw
noted, then the resistance at B, may be suddenly reduced, and
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magnetism associated with any assigned value of the magnetio
force. This will be evident later when reference is made to the
effects of vibration on the magnetic susceptibility of iron. We
cannot, therefore, use this plan to trace the effects of succeasive
currents of ascending and descending strength. After the step-
by-step process, however, has been applied to a long rod,
slipping off the coil affords a useful test of the accuracy with
which the summation of the steps has been carried out.

§ 56. Oalculation of B from Ballistic Measurements.—
We have seen how the ballistic measurements serve to determine
Q, the whole number of lines of induction within the secondary
coil. If the secondary coil is wound close upon the iron, very
nearly the whole of these lines lie within the iron, and we then

have B= %, where S is the area of cross-section of the iron in

square centimetres. If, however, the area of the secondary
coil includes any sensible air space (or other non-magnetic
space) in addition to the iron, a suitable deduction must be
made from Q before dividing by the area of cross-section of the
iron to find B. Thus if the secondary coil is outside the
primary, and the mean area of the primary coil is §', we shall
have (8'—S) H lines enclosed within the secondary coil, but
outside of the iron, and this number will fall to be subtracted
from Q. Even when the secondary coil is wound directly upon
the iron, its mean area is necessarily somewhat greater than
the section of the core, and there is consequently a small -
correction to be applied (namely, the difference of these areas
multiplied by H), but the amount of this correction is generally
insignificant.

§ 67. Magnetic Force in Rings.—Though the magnetising
solenoid be uniformly wound over the whole ring, so that its
effect at any one cross-section is the same as at any other,
the magnetic force is not quite uniform throughout. It is
strongest at the inner side—the shortest length—of the ring,
and decreases towards the outer side in proportion as the
radius of the ring increases. This is because the number of
turns per centimetre is greatest at the inner side and least at
the outer. Let N be the whole number of turns of the mag-
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considerable length—twenty or more times the diameter, and
the yokes should be short and thick. Equal magnetising
solenoids are wound over the two bars, and are connected
to give opposite directions of magnetisation. The seco

ooil is preferably distributed over the middle region of
bars. If it is wished to measure the actual magnetic state at
any time, one of the yokes may be arranged so that on pulling
it away it brings the secondary coils with it.

Fia, 28,

§ 61. Example of the Ballistic Method.—In the following
example* the specimen was a ring welded out of a piece of
moderately soft annealed iron wire :—

Diameter.of wire formmg the ring...... 0248 oms.

Area of section of iron........ccccoseerennne =0°0483 sq. cms

Mean radius of rmg 50cms. Mean circumference 31 4om1.
Number of turns in magnetising coil... 474

Number of turns in secondary coil...... 167
Area of earth-coil 1216 sq. cms.
Number of turns in earth-coil........ weee 10 .
Earth’s force, cut by earth-coil ......... 034
Ballistic throw on turning over earth-
1171 S 42°9 scale divisions,

The mean value of the magnetic force per ampere was,
therefore :—
47 x4T74 2x474

Tox314 " Toxso- o

The resistance of the secondary circuit was not altered
throughout the experiment, and the correction for air-space
within the secondary coil was negligible. Hence, from the
above data, the change of the induction B per square cm. in

* Phil. Trans., 1885, pp. 530-532.
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The relation of B to H in this experiment is shown in
Fig. 29. It will be seen that the curve of magnetisation pre-

Fia. 29.—Wrought-Iron Ring.

sents the same characteristios a8 in the former example. The
residual value of B is 88 per cent. of the induced value.




CHAPTER IV.

EXAMPLES OF MAGNETISATION.

§ 62. Ballistic Method using Reversals : Magnetisation of
an Iron Ring (Rowland).—A few more examples may be quoted
in further illustration of the relation of magnetisation to mag-
uetising force in iron.

In the following experiment by Rowland* the specimen was a
welded and annealed ring of *Burden’s Best ” wrought iron,
46°77cm. in mean diameter and 0916 sq. cm. in section. B was
measured by reversing the magnetising current and taking -
half the ballistic effect. The ballistic effect of breaking the
magnetising current was also noted. This, subtracted from half
the effect of reversal, gave the residual magnetism at each stage
in the magnetising process. The results, reduced to C.-G.-S.
units, are given in Table IV.,} where the residual values of
the magnetic induction appear in the third column under the
heading B,

* Phil. Mag., Vol. XLVI., 1873, p. 161.

_ ' (Mass)t
+ The dimensions of Hand of B and of lare ——>———/ ___, Rowland,
(Length)! (Time)
in the paper cited, uses metre-gramme-second units in expressing the induo-
tion. His numbers (called Q in the Paper) have therefore to be divided by
10 to bring thein to C.-G.-S. units. With regard to H, he gives (under the
heading M) numbers which are equal to the magnetic force divided by 4.
These have accordingly to be multiplied by -7 to reduce them to C.-G.-8.

10
units of H.
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TasLe IV.—ANNEALED WROUGHT-IRON RiNa.

H B B, "
‘18 71 18 390
‘69 600 211 869
86 967 439 1,129

1-27 2,460 1,670 1,936

141 2,920 1940 2,078

146 3,080 2,060 2.124

204 4,960 3,630 2,433

222 5,480 3.810 2,470

2:34 6.780 4,010 2,472

272 6,650 4,750 2,448

316 7,470 5,430 2,367

4-05 8,940 6.270 2,208

531 10,080 6,840 1,899

843 12,270 7,600 1,448

10-23 12,970 7,670 1,269
11-99 13,630 7,620 1,137
1769 14,540 7,990 824
34-17 15,770 8,130 462
46-02 16,270 7,850 354
64:33 16,600 7,890 258

Fig. 30 shows these values of B and B, in relation to H,
for forces up to 10 C.-G.-S. Beyond that force, the residual
magnetism becomes very nearly constant. The proportion of
residual to induced magnetism is considerably smaller here
than in experiments with long wires or with wires welded into
rings. Probably this is due less to any specific difference
in the material than to a difference in the conditions of the
experiment. It was shown long ago by Von Waltenhofen that
when magnetic force is suddenly removed from an iron rod it
leaves less residual magnetism than when gradually removed.*
This is notably the case when the specimen is comparatively
thick. In a thick rod or ring the sudden withdrawal of mag-
netic force sets up oscillating circumferential currents in the
substance of the metal, which have an effect not unlike that
which is produced in the process of ‘ demagnetising by re-
versals” (§ 42). With very long wires or rings of small section
one commonly finds 80 or 90 per eent. of the induced mag-

* Pogg. Anm., CXX., 1863. See also Wiedemann's Elcktricitdt, Vol IV,
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meters, long—was tested by the step-by-step ballistic method,*
the magnetic force being first raised from gzero to 17-26
units, then reversed to —17-26, then reversed again to
+17:26, then reduced to zero, and finally restored to + 17:26.
The effects of these cyclic processes are exhibited in Fig. 31
sufficiently to make it unnecessary to quote the numerical
values of B and H. At the beginning the wire had & small

F1a, 31.—8oft Iron Wire (length=400 diameters).

amount of initial magnetism, which was found by slipping off
the secondary coil.

In this figure the magnetising force of the solencid is
accepted as the whole magnetic force H, no allowance having
been made for the influence of the ends. If we treat the rod

* Phil. Trans., 1885, p. 539,
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These differences combine to give the curves of magnetisa-

tion of hardened iron a roundness of outline by which they are
readily distinguished from those of soft iron.
. @
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The altered characteristics of the curves are well seen in
Fig. 34, which shows the results of two experiments made (by
the one-pole magnetometric method) on the same piece of iron
wire.* In the first the wire (0-158 cm. in diameter and 60 cms.
long) was annealed, and was subjected to a cyclic magnetising
process between the limits +46 and —46 of H. The results
are shown by the full lines of the figure. The wire was then
demagnetised by reversals, and was hardened by stretching it
through about 10 per cent. of its original length. After the
stretching weight had been removed, a cyclic process of mag-
netisation was gone through, the results of which are shown
by the dotted lines. In this figure the ordinates are the in-
tensity of magnetism |.

In the soft state, the maximum of susceptibility ooccurs
early, at a force of 2'6, and its value («) is 245 ; the maximum
permeability is 3,080. In the stretched state the maximum
of susceptibility occurs much later, at a force of about 11, and
its value is only 53 : the maximum permeability is 670.

In the stretched state there is less than half as much
residual magnetism as in its soft state. But stretching has
increased the coercive force from 17 to 4-5.

§67. Magnetic Qualities of SteeL.—Speaking generally, the
curves of magnetisation for steel can be made to resemble
closely those for iron by simply altering the scale of H.
Under strong magnetic forces the region of saturation is
reached in steel with much the same value of | or of B
as in iron; but to reach it requires the application of a
stronger force. At every stage the susceptibility and permea-
bility are less in steel than in iron, and the coercive force is
correspondingly greater.

The name*‘steel” covers as large a variety of magnetic qualities
as it does of mechanical. - Beyond those differences which result
from difference in chemical composition, the range is extended
by the effects of mechanical treatment, and above all by the
effects of annealing, hardening by quenching, and tempering.
As a rule, steel which is mechanically soft or “mild ” is mag-
netically soft—in other words, its permeability is comparatively

* Phil. Trans., 1885, p, 647.
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Fig. 35.—Pianoforte Steel Wire, annealed.

. F16. 36,—Pianoforte Steel Wire, glass-hard.
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§ 69. Cast Iron.—Cast iron reaches a somewhat lower mag-
metisation than wrought iron or steel, even under strong
foroes. The intensity, when saturated, is about three-quarters
that of wrought iron. In permeability under moderate mag-
metising forces, and in coercive force, it generally resembles
mild steel. Fig. 37 (from Hopkinson) exhibits half of a cyckc
process of magnetisation, for what is probably an exceptionally
-goft specimen of grey cast iron, in which the coercive force is
barely double that of annealed wrought iron. The specimen
was & short bar tested by the method of the yoke (§ 59).

nelic Induction B

20 40 60 80 100 120 140 160 220 240 26
Magnelic Force H.

F10. 37. —Cast Iron.

§ 70. Non-Magnetic Steels.—In certain alloys of iron there
is a remarkable absence of magnetic quality. The presence
of manganese in large quantities deprives the metal of nearly
all its susceptibility. A mnotable instance occurs in the
“manganese steel” of Mr. Hadfield, which contains about
12 per cent. of manganese and 1 per cent. of carbon. The
permeability of this alloy is only about 1-3 or 1'5, and is
sensibly constant in strong and weak magnetic fields. There
is sensibly no residual magnetism, even after a very powerful
magnetising force has been applied. A still more curious
case is that of ‘“nickel steel.” Hopkinson* has found a
specimen containing 25 per cent. of nickel to be practically
non-magnetic under ordinary conditions of temperature, its

* Proc. Roy. Soc., Dec. 12, 1889 ; May 1, 1890.
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permeability being constant and equal to about 1-4. Here we-
have two materials, nickel and iron, each strongly magnetic,
becoming non-magnetic when combined. What makes this alloy
peculiarly interesting is the further fact that when cooled to s
very low temperature, it becomes strongly magnetic, and remains.
8o after the temperature is again allowed to rise to ordinary
atmospheric values. The effects of temperature on magnetic:
susceptibility will form the subject of a later chapter.

§ 71. Nickel.—Fig. 38 gives curves showing the cyclic mag-
netisation of a long piece of nickel wire (0-068 cm. in diameter,.
and 25°4 cms. long) first in the annealed state (full lines) and
next after being hardened by stretching beyond the limit of
elasticity (dotted lines).* The curves give I, nct B. They show
that under strong forces the magnetisation reached by nickel.
is greatly inferior to that reached by wrought or cast iron or-
ordinary steels. (The saturation value of | in nickel is } or
} the saturation value in wrought iron.) The following
numbers refer to the experiment of Fig. 38 when the wire was-
in the soft state :—

Annealed Nickel Wire,

H | 3
0 22
4-0 36
65 83 12'8
80 177 221
96 223 236
109 251 230
123 273 22-2
24'6 325 132
526 371 71
797 392 4-9
1004 401 40
0 284
-75 0

-

The last numbers in columns 1 and 2 of the table show the-
residual magnetism and coercive force. The greatest suscep-
tibility (x=23'5) corresponds to x=283. In the test with

* Phil. Trans., Vol. 179A, 1888, p. 327.
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hardened wire the maximum susceptibility x was only 83
(1=105) and the coercive force was 18. The curves for an-

a0

Hardened by stretching.........

F1a. 38,—Nickel Wire,

Annealed

nealed and mechanically hardened nickel differ in much the
same way as the correspondmg curves for annealed and
hardened iron.
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Rowland,* using a ring of cast nickel, found a maximum sus-
teptibility of 17-6 (permeability 222), and reached & value of |
equal to 434 with a force H of 104.

§ 72. Cobalt.—Cobalt has decidedly more capacity for mag-
netigation than nickel. Under the action of a strong field it
takes up about as much magnetism as cast iron ; it has, how-
ever, comparatively little susceptibility when the magnetising
force is weak.

Fig. 39 exhibits an experiment on the cyclic magnetisation of
a cobalt rod (containing about 2 per cent. of iron), cast and
turned, and tested, within a yoke, in the manner described in
§ 58, the magnetism at each stage being determined by sum-
ming the ballistic effects of successive steps. There was a small
amount of initial magnetism, not removed when the experiment
began., The greatest permeability was found when the force
was about 25 ; its value is 174, which corresponds to a suscepti-
bility of 13'8. Rowland, using a cast cobalt ring, found a
maximum susceptibility of 11-2.

The curves for cobalt have a rounded outline recalling those
for hardened iron. One effect of this is that the residual mag-
netism is comparatively small. The coercive force in Fig. 39

is 12.

§ 73. Curves of Permeability and Susceptibility.—The beha-
viour of magnetic metals during the imposition of magnetic
force is sometimes exhibited graphically in other ways. Instead
of drawing a curve to show the relation of B or of | to
H, as has been done in the examples already given, we may
draw a curve showing the relation of « or of xto H. This
method of representing the results of experiment was used by
Stoletow.t Another, and better plan, due to Rowland,} is to
represent p in relation to B, or « in relation to |. These may
be called permeability curves and susceptibility curves respec-
tively. The following are a few examples :—

§ 74. Susceptibility Curves for Wrought-Iron Wire.—Fig. 40
shows two curves of « and | for the experiment described in

* Phil. Mag., November, 1874, + Phil. Mag., January, 1873,
T Phil. May., August, 1873.
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§66, where the same piece of wrought iron was tested, first
in thesoft annealed state, and again after being hardened by
stretching. Curves of 4 and B would have the same form,
gince in wrought iron p is almost exactly 4 # x, and B is almost
exactly 4 = |.

The approximate symmetry which a curve of this type
exhibits about an inclined straight line through the apex was

100 200 400 500 .
Intensily  Magnetisation |.

Fi1a, 40.—Relation of « to | in Iron Before and After Stretching.

noticed by Rowland, and led him to devise an empirical formula,
from which, by extrapolation beyond the limits of experiment, &
limiting or saturating value of B or of | might be deduced.
It has, however, been shown by other observers that when the
magnetic force is sufficiently raised the curves cease to be even
approximately symmetrical ; the empirical formula then fails,
and it is not possible by producing the curve beyond experi-
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mental values to find a limiting intensity of magnetisation.
There is a true saturatjon value of | (not of B), as will be shown
later; but it cannot be found in the manner suggested by
Rowland, because the curve of x and | or of # or B bends out
under high forces, becoming concave on its upper side. This
feature will be seen below in the corresponding curyes for
nickel and cobalt.

§ 76. Permeability Curves for Nickel.—Fig. 41 gives three
permeability curves for a nickel rod in the annealed state,

nduction

Fia, 41,—Permeability of Nickel in the Annealed State.

tested within a yoke:—The lowest, shown by a full line, is
the curve got when the rod was tested under ordinary condi-
tions; the other two, shown by dotted lines, relate to tests made
when the rod was subjected to compressive stress. Some account
will be given later of the effects of stress on the magnetic quali-
ties of iron, nickel, and cobalt ; meanwhile it may suffice to
explain that nickel is extremely sensitive to stress, its suscep-
tibility being greatly reduced by tensile stress, and greatly
increased by compressive stress. The upper and lower dotted
curves relate to compressive stresses of 6:8 and 3-5 kilogrammes
per square millimetre respectively.
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§ 76. Permeability Ourves for Cobalt.—Fig. 42 shows in
the same way two permeability curves for a rod of cast cobalt,
tested in a yoke. In this experiment the rod was tested first
in ordinary condition of no stress, and then under a series of
loads producing various amounts of compressive stress. The
full line is the curve for no load ; the dotted line is for a load
-of 162 kilogrammes per square millimetre. The curves cross,
showing that under weak magnetic forces cobalt has its per-
meability increased by the presence of compressive stress ; but

> \w.
/ ' Load 16-2 kilos
/ per m
T 7 Foomr ]
5 COBALT
S / .
EI5 /
N
"{'o \
Ty
\\\\.
L.Ts) “~
D 2500 7500 1000

5000 .
Magnetic Induction B.

Fia. 42.—Permeability of Cast Cobalt.

under sufficiently strong forces the reverse is the case.* In a
later chapter it will be shown that a reversal of the effects of
stress also occurs in iron.

* Tn a Paper by Mr. C. Chree, published in abstract in Proc. Roy. Soc.,
Pecember 19th, 1889, the same conclusion is stated, along with other results
of experiment on the influence of pressure on the magnetic qualities of
cobalt, The experiments with cobalt described in the text, and illustrated
in Figs. 39 and 42, were made in 1888 by the writer and Mr. W. Low,
They have not been previously published.
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loop, and any intermediate value of the magnetic force is asso-
ciated with different values of the magnetisation during the
two processes.

Moreover, this description applies equally to the effects of any
cyclic variation of magnetic force, provided the range through
which the force is varied be not exceedingly small. Starting
from any condition of magnetism and of magnetising force, if
we remove and re-apply a part of the force, or if we apply and
remove a supplementary force, and repeat the process until its
effects become cyclic, we find that the two stages of the process
may be represented by two curves, which do not coincide, but
differ in a way that may be concisely described by saying
that there is a tendency, at each change of process, for the
preceding magnetic condition to persist. The changes of mag-
netism lag behind the changes of force. This tendency has
received the name of magnetic hysterzsis, from dorepéw, to lag
behind.*

§ 78. Effects of Hysteresis.—Figs. 43 and 44 give further
illustrations of the effects of magnetic hysteresis in causing
a loop to be formed on the curves of magnetisation when the
magnetising force experiences any cyclic change. Fig. 43
refers to a ballistic test of a ring of very soft annealed iron.
It shows, in addition to the large loop produced by reversal
of the magnetising force, a smaller loop produced by its
removal and re-application, and also two small loops formed by
pausing at points on the steep part of the demagnetisation
curve and removing and re-applying the force there. In Fig.
44 the effects are shown of removing and re-applying the foroe
at a number of successive points during the magnetisation of
a long wire of soft annealed iron. Many other experiments
have shown that similar loops are formed when there is partial
instead of complete withdrawal of magnetising force, followed by
its re-application, and that steel, nickel, and cobalt yield results
of the same kind. The form of the curves is found to be not
materially different whether the changes of magnetising force
are made to occur at a moderate rate or excessively slowly. In
other words, the hysteresis shown by these loops is persistent

* Proc. Roy. Soc., No. 216, 1881, p. 22; Phil. Trans., 1885, p. 524,
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" Fia, 43.~Very Soft Iron Ring.
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with regard to time. Even prolonged pauses, during which the
magnetising force is kept constant at values midway between
the two extremes of the cycle, do not cause the differences of
magnetism due to hysteresis to disappear, or even to become
sensibly lessened.

It is at steep places of the magnetisation curve that the
effects of hysteresis are most apparent. Starting from & -point
such as a (Fig. 44), removal and re-application of the force
augments the magnetism; this is because the acquisition of

Fra, 44.—Annealed Tron Wire. Length=400 diameters. Results of
removing and reapplying the magnetising force.

magnetism in the original ascending process was retarded by
hysteresis, with the result that any species of disturbance (such
as the removal and re-application of the force) causes an increase.
If we were to repeat the cyclic disturbance by again removing
and re-applying the same force, we should find a small further
increase ; and it is only after several repetitions of the cyclic
change of force that its magnetic effects become strictly cyclio.

Every loop in these diagrams shows that whenever the pro-
cess of altering the magnetic force is reversed from a process
of increment to a process of decrement, or wice versd, the
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the current has during the time d¢. The opposing electro-
motive force, due to the change of magnetic induction in the-
core, when multiplied by the current and by the time dt,
gives the quantity of work done by the current. Hence the
work done by the current in producing the change of mag-
netism d B is

lns‘-fl—?Cdt, orlnsCdB.

The fact that d ¢ disappears shows that this work does not:
depend on the time-rate at which the change of induction takes
place ; we have the same quantity of energy used in the pro-
oess whether the change d B takes place fast or slowly. Since
the volume of the core is /3, we may write d W, the work done

Fia. 46,

by the magnetising current per unit of volume (that is, per
cubic centimetre), in bringing about the change d B, as
nCdB.

But the magnetising force H is 4 = Cn, hence
H 1
“C=E, anddW =iz HdB.

To obtain the work done per cubic centimetre of the metal
when B is changed by any finite amount by changing the mag-
netising force from (say) a value H, to another value H; we have
to integrate this expression, finding

W=%erdB

between the limits H, and H,.

Thus, in Fig. 46, if P and Q are any two points in the curve
of B and H, the work done per cubic centimetre as the mag-
netic state alters from P toQ is the area MP QN divided by
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Fig. 49, where it is reversed and re-reversed—there is & quan-
tity of energy dissipated in each cycle which is equal, per cubic

centimetre of the metal, to 41 / H d B; in other words, it is
T

equal to the shaded area enclosed by the curves counecting
H and B, divided by 4 .
Moveover, since dB=4rwdl+dH,

Z%fHdB=fHdl+4lerdH-

But in a cyclic process, /HdH vanishes; and the energy
dissipated in a cycle is, therefore,

SHAL.

Fio. 49,

Thus in Figs. 48 and 49, if we represent the magnetism by !
instead of by B, the shaded area measures the amount of
coergy dissipated in each cubic centimetre of the magnetised
metal during the cyoclic process which the curves represent.

As C.-G.-S. units are used in expressing H and |, the ares
within the curves gives the energy dissipated (per cubic centi-
metre) in C.-G.-S. units of work, or ergs.

§ 80. Heating Effect of a Oyclic Process.—The dissipated
energy takes the form of heat: hence iron and other metals in
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TasLe VL—Dissipation of Energy by Double Reversals of
Magnetism in Soft Iron.

Horse-power wasted
B SJHdI (ergs). bonl.‘\’aomhg lmqe:
per second.
2,000 420 074
3,000 800 1-41
4,000 1,230 218
5,000 1,700 301
6,000 2,200 3-89
7,000 2,760 4-88
8,000 3.450 610
9.000 4.200 743 -
10,000 5,000 8-84
11,000 5.820 10-30
12,000 6,720 11-89
13,000 7.650 13:563
14,000 8.6560 15 30
16,000 8,670 1710

Fig. 52% shows the results of a corresponding. experiment.
made with a specimen of annealed pianoforte steel wire. ~ Here
much the same features present themselves. When the mag-
netisation is feeble there is but little dissipation of energy,
but as the range of | is extended the area of the loops increases
fast.

Fig. 531 exhibits, in a diflerent way, the results of these two
experiments on iron and steel. The heating effect of a cycle -
(calculated from fH d ) is shown in relation to the value of H
which was reversed. At first the heating effect of reversal is
much less in steel than in iron, with a given value of H, for
the smaller susceptibility of steel makes the whole magnetic
change comparatively small. But with stronger fields its
greater coercive force -begins to tell, and the heating effect
becomes at last very much greater in steel than in iron.

§ 83. Influence of Speed on Magnetic Hysteresis.—Experi-
aments are wanting to show whether the speed at which a cycle

* Phil. Trans. 1885, p. 556.
- % Copied from a Paper by A. Tanakadaté “On the Thermal Effect due to
Reversals of Magnetisation in Soft Iron,” Phil. Mcy., Sept., 1889.
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doubtful to what extent the results given above, calculated as
they are from the observed relation of | to H when H is changed
very slowly, are applicable when H is changed fast. With
regard to small changes of magnetising foroes, at least,
soft iron exhibits what may be called mazgnetic viscosity—that

5 .
b=
i 1
H ‘ |
5

13

L

£

)

éé

Valves of -

Fio. 63.—Heating Eﬂ'ect.of Reversals of Magnetising Force in Iron
and Steel

is to say, the changes of magnetism follow somewhat sluggishly
the changes of magnetising force, just as in the stretching and
unstretohing ofa rod of india-rubber by applying and removing
weights, the changes of length follow sluggishly the changes
of load. If this property exists to any considerable degree in
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In another experimént, with the same plece of wire, the
magnetic force was raised to a certain value, without vibra-
tion, while B was determined ballistically; then the wire was
smartly tapped, and the change which B underwent through
the tapping was measured by slipping off the induction coil;
then the coil was replaced, and the force was raised by
steps to a higher value; then the wire was again tapped,
and so on. The wire had an initial magnetism (B) of 170,
which rose to 190 when a force of 0:32 was applied with-
out tapping; then, while this force continued to act, tapping
brought up the value of B at a bound to 6,620. Again,
under a force of 1:61 tapping changed B from 7,120 te

10000
8
8000

2000

e
Magnetising Forco dug to Sdlenoid

F16. 56.—Magnetisation of Very Soft Annealed Iron Wire, Effects of
tapping shown thus, - —«—-—- —_

11,600, and under a force of 34 it changed B from 11,940 to
12,960. On coming down the effects were equally well marked.
When the force had been reduced from a fairly high value to
0-33, tapping brought B down from 11,260 to 6,880, and
finally when the force was 0 the residual value of B, amounting
to 6,880, was reduced by tapping to 320. The forces whose
values are stated here are those due to the solenoid without
allowing for the reaction of the specimen itself upon the mag-
netising field. The complete results of this experiment are
shown in Fig. 56, where the full lines show those parts of the
process which were performed without tapping ; and the changes
of magnetic state brought about by tapping, while the external
field was kept constant, are shown thus ; —-—-—-,
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In experiments of the same class with hard iron or with steel
vibration produces effects of the same general kind; but its
influence in destroying hysteresis is far less complete than in
soft iron. In a piece of iron wire of the same quality as the
last, but not annealed, where a residual magnetism (B) amount-
ing to 7,000 was left after applying a force of 17, the residue
fell to 2,500 when the specimen was smartly tapped.

Magnetic hysteresis exhibits itself in other changes of mag-
netism as well as in the changes that are brought about by
varying the magnetic force. It is a prominent feature in the
effects of stress upon magnetio quality, but the consideration of
it in this aspect will be more oonveniently reserved for a later
chapter. :




CHAPTER VI

—p——s

MAGNETISM IN WEAK FIELDS

§ 86. Permeability with respect to Small Magnetic Porces.
—The instances which have been set forth in earlier chapters
may suffice to give a general notion of the behaviour of iron
and the other magnetic metals when exposed to magnetic fields
of moderate strength., It remains to give some account of
experiments dealing with the two extremes of very weak and
very strong magnetisation. The effects of weak fields will be
taken up first.

A glance at the curves of B and H or of | and H for any
of the examples which have been already given will serve to
show that the initial permeability-——that is to say, the per-
meability at the beginning of the process of magnetisation—is
8o comparatively small that special means are required to
examine its value. The arrangements for measuring this early
magnetism, whether they are ballistic or magnetometrie, must
be much more sensitive than those that serve when we have
to deal with later portions of the curve. So small, indeed,
is the permeability under very feeble forces, compared with
the permeability found later, that without special appliances
one might readily fall into th: error of supposing it to be
initially zero. Experiments made by Baur, Lord Rayleigh,
and others are conclusive, however, in showing that this is not
the case. They show that the initial permeability has a
finite value which is applicable, without sensible change,
so long as the magnetising force remains very small. In other
words, the magnetisation curve starts with a definite gradient,
and its very early portion is nearly straight. Lord Rayleigh has
carried his investigation of the action of weak forces further,
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showing that the permeability has a finite value with respect
to any small cyclic change of magnetic force when that is
frequently repeated, whether the piece be otherwise mag-
netised or not—a valde which is sensibly constant when
the range of change is varied, provided the range be kept very
small, and which is approximately independent of the mean
condition as to force and magnetisation, provided the magnetic
state does not approach saturation.

Baur’s experiments were made ballistically with a ring of
soft iron, the cross-section of which had a diameter of a little
over two centimetres. Reduced to C.-G.-S. measure, his results
for one trial are as follows :—*

H I I
0 0168 0263 165
0-0308 0-5647 176
0-0708 1633 230
0-1319 3-816 289
0-230 9156 39-8
0-384 22487 586

When these values of the susceptibility x are plotted in rela-
tion to H, they are seen to lie on what is practically a straight
line. By producing the straight line backwards to cut the
axis, the value of x corresponding to H =0 is found to be 145.
This is, therefore, the susceptibility with respect to indefinitely
feeble forces ; the corresponding initial permeability, p, is 182.
Moreover, with respect to forces which are still feeble though
not indefinitely small, the susceptibility and permeability may
be expressed by the equations

xk=14-5+110 H,}
»=183+1382H,
which apply with much accuracy within the limits of H used in

the experiment. With any considerably higher force, however,
these formulas would not apply. It follows that the relation

* C. Baur, Inaugural Dissertation, Zurich, 1879. Wied. Annalen, XI.,
1880, p 399, -

+ Baur gives k=15 + 100 H, but the constants given in the text seem to
_ the writer to agree better with the numerical results of the tests,
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of magnetisation to magnetic force for feeble forces may be
vxpressed thus:
I=145 H+110 H3,
B=183 H+1382 H3.

Yhese partioular numerical constants are, of course, to be taken
a8 applying to the specimen of soft iron tested by Baur ; but
similar parabolic formulas may be constructed with different
constants for any specimen of any of the magnetic metals. In
other words, the curve of | and H or of B and H is sensibly a
parabola in its earliest stages, starting, however, with a finite
inclination to the axis of H. For excessively feeble forces it
is virtually an inclined straight line, the term involving H?
being then negligible.

§ 87. Lord Rayleigh’s Experiments.—The inference drawn
by Baur as to the value of xk when H is zero depends on the
legitimacy of extending the straight line connecting x and H
backward beyond the region of actual experiment to cut the
axis of x. It has been entirely confirmed by the experiments
of Lord Rayleigh,* who has examined the action of much feebler
magnetic forces, and has found that the proportionality of mag-
netic induction to magnetic force continues to hold good when
the force is excessively reduced.

In his experiments a bar or wire of iron was tested magneto-
metrically with one end very near the magnetometer, and
with a compensating coil adjusted to balance the magnetism
which a feeble magnetising current induced in the bar. The
specimen under examination being a piece of Swedish iron wire
(not annealed), the compensating coil was adjusted so that
there was no movement of the magnetometer needle when
a magnetising current was made or broken, the strength
being such as to give a field of 004 C.-G.-S. Then the
strength of the current was gradually reduced till the mag-
netic force fell to about 0°00004, and it was found that the
compensation remained perfect. In other words, within these
limits the induced magnetism was proportional to the inducing
force: x and p were constant. “In view of this,” says Lord
Rayleigh, “neither theory nor observation give us any reason

* Phil. Mag., March, 1887.
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ing change of magmetic state is complete.* This magnetic
viscosity is most noticeable when we have to deal with feeble
forces or with small changes of force, and when the specimens
tested are of considerable size. In such cases the time-lag in
magnetisation may be so great that the ballistic method, which,
of course, omits to take note of slow continuous changes, is not
properly applicable.

In describing the experiments which were referred to in the last
paragraph, Lord Rayleigh remarked that when small magnetic
forces were applied to kard iron or steel it was possible to adjust:
the compensating coil, so that neither at the moment of closing
the magnetising circuit nor afterward was there any deflection—
which means that, so far as the magnetometer can decide, these
metals take their full magnetism at once. With annealed wrought
iron, however, the effects were more complicated. “When the coil
was 80 placed as to reduce as much as possible the instantaneous:
effect, there ensued a drift of the magnetometer needle in such
a direction as to indicate a continued increase of magnetisation.
Precisely opposite effects followed the withdrawal of the
magnetising force. The settling down of the iron into a new
magnetic state is thus shown to be far from instantaneous.”

Following Lord Rayleigh’s plan of balancing the instantaneous
effect by means of a compensating coil, and then observing the-
drift, the writer examined this time-lag in the magnetisation of
a thick wire of annealed wrought-iron 0-404 cm. in diameter-

~and 396 cms. long.t The wire was demagnetised by reversals:
to begin with, and feeble magnetising forces were used, not at
first exceeding 01 C-G.-S. So long as the force was less thanr
this it was found that one adjustment of the compensating coil
served to balance the instantaneous effect of making or break-
ing or reversing the current. When the compensation was
correct the magnetometer needle began to drift slowly over as
soon as the magnetising force was either applied or removed ; and

* Phil. Tranas., 1885, p. 569.—* When the magnetising current was applied:
to long wires of soft iron, either gradually or with more or less sudden
ness, there was a distinct creeping up of the magnetometer deflection after
the current had attained a steady value. This action was sometimes so
considerable as to oblige me to wait for some minutes before taking the:
magnetometer reading.”

+ Proe. Roy. Soc., June 20, 1889,
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by observing the drift and adding that to the amount neutralised .
by the compensating coil, the total magnetism after any time
was readily deduced. A force of 0044 C.-G.-S. was applied, the
instantaneous effect of which was to produce a value of | equal
to 044 ; in five seconds this crept up to 058, and in 60 seconds
to 0-67. Then the magnetising current was broken ; the instan-
taneous effect on | was to remove 0-44, leaving 0-27; in five
seconds this residue fell to 0-09, and before 60 seconds it had
completely disappeared. Next a magnetising force of 0084 was
applied. The value of | reached at once was 0:85; in five
seconds it crept up to 120, and in 60 seconds to 1:40. On
breaking the current, | fell at once to 055, after five seconds to
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Fia. 67.

0-23, and after 60 seconds to 0-07. Possibly this small residue,
or part of it, was permanent. These results are shown in Fig.
57. Precisely similar results were obtained by reversing feeble
magnetic forces, the initial gradient of the lines being the
same when the force was reversed as when it was applied and
removed. If we measure the initial susceptibility by the imme-
diate effect of applying or reversing H it is 10 ; if we measure
it by the effect after one minute it is about 15.

Fig. 58 shows the results of another experiment, in which
successive forces were applied, ranging up to about 0-34 C.-G.-S.,
the compensating coil being adjusted for each force to give an
instantaneous balance, so that the effect of the subsequent
oreeping up might be observed. Before applying each force the
specimen was completely demagnetised. The three curves,
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Fig. 58, show the amounts of magnetism taken (a) at once,
(b) after five seconds, and (c) after one minute. In noting the
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Fia. 58.—Effects of applying Feeble Magnetising Forces to & Soft Iron Rod,
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F1a, 59.~CGrowth of Magnetism after applying Feeble Magnetising Forces.

gradual growth of magnetism after each force was applied,
readings of the magnetometer were taken every five seconds,
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nearer the magnetometer to procure a perfect balance: in
other words, the immediate effect of the step became somewhat
greater. At the beginning, the instantaneous value of ;_:'
was about 10; but when the experiment of Fig. 60 was ex-
tended until the force produced by the magnetising solenoid
was 3 C.-G.-S. or so, and | was about 320, the instantaneous
value of ;_IEI rose to 13. In that region of the curve, the
creeping-up of magnetism after a very small step-up of the cur-
rent was enormous; in the course of one minute it amounted

H.
Fia. 61.—Effects of a sudden small increase of Force in the steep part of
the Magnetisation Curve,

to six or seven times the immediate effect of the step. Fig. 61
illustrates the kind of action which is observed when a small
increment of magnetising force is made to take place quickly
after a pause anywhere in the steep part of the magnetising
process, the metal dealt with being soft wrought iron. The
dotted line is the normal slope of the magnetisation curve
when the process of magnetising is performed slowly. A
very small increment of H rapidly performed after a pause at
P produces an immediate effect, P Q, which ‘is followed by the
slow creeping up Q R. It is only when the step is a very
small one that P Q correctly represents the immediate
effect.
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Very interesting results are obtained in examining how the
time-rate of creeping up after a step is aflected by the length
of the pause (under constant force) which preceded the step.
When the preceding pause is long the creeping up which fol-
lows a step goes on much more slowly than when the preceding
pause is short.* In an experiment with the same specimen of
soft iron the effects of two equal small steps were compared,
both made at the same part of the magnetisation curve,
one after the magnetising force had been kept constant for
three minutes, and the other after it had been kept constant
for an hour. The immediate effects were the same ; but the
subsequent creeping up, which was observed during no less
than ten minutes, went on so much faster in the former case
that it amounted in ten minutes to 531 scale divisions

_of the magnetometer, as against 320 scale divisions in the
latter.

. Fie. 62.

The effects of an alternate small step up and step down, per-
formed at any stage in the process of magnetisation, are quite
 like those that have been shown in Fig. 57. After the steps
have been repeated often enough to bring about a cyclio

d
set of changes, the instantaneous value of ﬁ!l becomes ap-

proximétely the same as at the initial part of the curve—
namely, about 10 in the particular specimen examined—unless
the whole magnetisation approaches saturation, in which case

the value of ;_:' is distinotly less. The diagram (Fig. 62) re-
presents in a general way the change of magnetism which takes
place when any very small periodic variation of magnetic con-
dition is made to occur in a soft iron bar, about a mean condi-

* Loo. cit., p. 280.
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tion 0. If the changes of force ocour fast and without pauses
the cycle is shown by the lines aa’ and a’a. They encloge no
area, and there is no dissipation of energy. If, on' the other
hand, the changes of force occur gradually and very slowly the
cycle is shown by the lines ¢¢’ and ¢'c. They also enclose no
area; and again there is no dissipation of energy. But if the
changes of force take place quickly, with pauses at the extreme
values, the cycle is &' ¢’ b¢, and an amount of energy is dissi-
pated which is to be measured by the area of that parallelo-
gram. In most actual cases in which the force varies periodically
it does so not suddenly with pauses at the extreme values, but
in such a manner that a loop will be formed instead of the
parallelogram. When the frequency of the alternations is very
great, the loop will flatten itself into the straight line aa’;
when the frequency is very small it will again flatten itself
into the straight line 8 4. With any frequency lying between
these extremes there will be dissipation of energy, and
when the limits and mode of variation of the force ars
specified, there must be some particular frequency which
will make the amount of energy dissipated in the cycle &
maximum. '

In hard iron and in steel the phenomenon of time-lag in mag-
netisation occurs, but so slightly as to be-scarcely observable. A
piece of the same wire as had been used in the above experi-
ments was hardened, after being annealed, by stretching it a
little beyond the limit of elasticity. Scarcely a trace of creeping
could be detected when a feeble magnetic force was applied
to the wire in this hardened state, but it was possible to pro-
duce a measurable amount of creeping by first applying a
moderately strong magnetising force, and then making a small
step up after a pause. The initial instantaneous value of
dl - o
7H for a small step was v ..,

The whole phenomenon depends much on the size of the
specimen that is tested. In the experiments which have been
described the iron was a rod four millimetres in diameter.
Smaller rods showed much less magnetic *creeping,” and when
a bundle of fine annealed iron wire was substituted for the rod,
nearly all trace of creeping disappeared. The cause of this
difference is at present obscure.






CHAPTER VIL

MAGNETISM IN STRONG FIELDS.

§ 91. Magnetisation in S8trong Fields.-—We pass now to speak
of the opposite extreme of the magnetising process. In study-
ing the relation of magnetism to magnetising force by any of
the methods which have been described in earlier chapters, it
is scarcely practicable to raise the force H beyond a few hun-
dreds of C.-G.-S. units at the most. Formidable difficulties
present themselves, one of which is the heating effect of the
magnetising coil.  Special methods have therefore to be
resorted to when we wish to examine the behaviour of iron
or other magnetic metal in very strong fields.

It is true that the most important parts of the magnetising
process lie within the range of those forces which may easily be
produced by means of a magnetising coil. Within that range
the permeability or the susceptibility passes through its great
.changes, increasing quickly from a small finite initial value to
a maximum ten or fifteen times as great, and decreasing almost
a8 quickly to a& value smaller than the first. Within that
range, too, the residual magnetism apparently reaches the full
value it is capable of reaching. It is within that range that
the most prominent features in the influence of vibration, of
temperature, and of stress, manifest themselves. And it is pro-
bably true that whatever knowledge of magnetic quality is
wanted for application to the practical ends of electrical engi-
neering can be obtained by experiments within that range.

But still the action of stronger fields is of very great interest,
-especially in relation to the molecular theory of magnetism pro-
pounded by Weber. According to Weber’s theory the molecules
-of iron or any other magnetisable metal are always magnets.
These point anyhow in the unmagnetised piece, so that the
sum of their moments, resolved in any direction, amounts to
gero, and the piece, therefore, has no magnetism as a whole.
But when a magnetising force asts the molecular magnets tend
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Table IX. gives the results of a similar experiment made
with & bobbin of annealed Lowmoor wrought iron, and with a

wider range of magnetic forces. The apparent decrease of | in
TaBLE IX.—Lowmoor Wrought Iron tn Strong Fields.

. B - outside field B8
?:ﬁviﬁleylg B 4x outside field
(=1 nearly). (=g nearly).
3,630 24,700 1680 680
6,680 27,610 1670 413
7,800 28,870 1680 370
8.810 29,350 1630 3-33
9,600 380,200 1650 318
9.780 30,680 1660 314
10,360 30,830 1630 208
10,840 31,370 1630 2-89
11,180 31,660 1620 2:82

TaBLe X.—Cast Iron in Strong Fields.
T

. B =outside field B
(():",f.‘d:eﬁg, B Ox outside field
(=1 nearly). (=# nearly).
3,900 19,660 1250 504
6,400 21,930 1240 342
7,710 22,830 1200 296
8,080 . 23,620 1230 291
9,210 24,680 1220 2-67
9,700 24,900 1210 267
10,610 25,600 1190 246

the strongest field, which is shown by the last numbers in the
third column, is due to the fact that the outside field was rather
greater tha1 the true magnetic force within the metal. When
the bobbin is so shaped that this source of error is avoided, the
apparent decrease disappears, and | is then found to be as nearly
constant as casual errors of observation allow it to be.

A noticeablo feature in these results is the reduction of the
permeability that is brought about by continuing to increase the
magnetising force after a state of saturation has been reached.
With wrought iron such as was used here the initial value
of p for exceedingly small forces is nearly 200 ; and the maxi-
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ments, a pair of separate conical pieces b being interposed
to connect its ends with the pole-faces aa. With each reduction
in the size of the neck a higher value of B was reached;
finally, when its diameter was 0266 mm., the induction B was
45,350, and the force in the space immediately surrounding the
neck was 24,500.. From other experiments we may infer that
this was, as nearly as possible, equal to the actual magnetic
force within the metal: hence the result may be written thus:—

H B i M
24,500 45,350 1,660 1-85

No attempt was made to reduce the neck further, and this
is the highest induction that has hitherto been recorded in any
experiment., There is no reason to doubt, however, that
higher values of H and of B might be obtained by using an
electro-magnet of greater size and power.

§ 95. Theory of the Isthmus Method : Form of Cone to
give Maximum Concentration.*—Consider an imaginary section
through the middle of the neck, at right angles to the axis of
the bobbin, It is clear that there is no discontinuity between
the magnetic force, at points in this plane, inside and outside
the metal, for there is no free magnetism on the surface of the
neck at the middle of its length. We have to consider the con-
ditions which will make the magnetic force as nearly uniform as
possible over this medial section in order that the force just
outside the neck, which we are able to measure, may be fairly
representative of the force within the substance of the neck
itself.

The magnetic force in the space between the pole-pieces is
made up of two parts: (1) the electro-magnetic force directly
produced there by the current in the magnet coils; and (2) the
force due to free magnetism, distributed for the most part over
the pole-faces. The first of these forms a comparatively small
part of the whole; and its value is sensibly uniform at such small
distances from the axis as those with which we are now con-
cerned. In considering the conditions which will secure the
greatest strength or the greatest uniformity in the field at the

* Parts of this and the succeeding paragraphs are taken from the Paper
cited (Phil. Trans., 1889, A, p. 221).
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Applying this to the cones of maximum concentrative power

(§95), in which sin 6= /3 and cos o-%

F,.. =11137 |, log, g,

and the greatest value of the force will be obtained when I°
has the saturation value (of say 1,700 C.-G.-S. units for soft
wrought iron), in which case

F.... =18930 log, 2,

an expression which measures the greatest possible foroe which

the isthmus method of magnetisation can apply at a point in

the axis of the bobbin (over and above the small foroe which s
directly produced by the magnet coils). It is not practioabls
to produce quite so large a force, because the magnet poles

cannot be fully saturated. ’

§ 97. Form of Cone to give Most Uniform Field.-—The
cone of maximum concentrative power is not the form best’
suited for producing a uniform magnetic force throughout the
neck. It makes the field rather stronger at places near the
axis than on the axis itself. To make the field as nearly uniform
a8 possible in and close to the neck we must slope the cone at

such an angle that “iii-:; =0, a condition which secures that

@F 2d ©F thall also be zero. This condition is satisfied
g " a7

92 152°
Yy

which makes z=7,/3; tan 0= ,/2; 6=239"14".

when

In other words, the best approximation to & uniform field
(the pole-pieces being saturated) is reached when the pole-faces
are cones converging upon the middle of the neck, with a semi-
vertical angle of 39°14". When the cones have this form, and
the neck is very narrow in comparison with the base, the field
is 80 nearly uniform that the magnetic force in a narrow ring
of space round the neck and close to it may be taken to repre-
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ness of the curve in Fig. 70 shows the superiority of that forms
of cone in respect to uniformity of field. With actual conicak
pole-pieces, the force produced in the neck is, of course, made up:
of the sum of the forces due to pairs of rings like these dis-
tributed over the whole conical surface.

§ 98. Further Experiments with Wrought Iron.—In the-
following experiments bobbins were used of a shape suited to-
give a fair approximation to a uniform field, and hence the
outside field close to the neck is taken as the measure of H :—-

TasLe XI.—ZLowmoor Wrought Iron.

H B ] »

3,080 24,130 1,680 783
- 6,450 28,300 1,740 439
10,450 32,260 1,730 3-09
13,600 35,200 1,720 259
16,390 36,810 1,830 226
18,760 39,900 1,880 213
18,980 40,730 1,730 215

TanLg XII.—Swedisk Iron, ¢ L*Lancash.” Brand.

H B | n
1,490 22,650 1,680 15
3,600 24,660 1,680 685
6,070 27,130 1,680 4-47
8,600 30,270 1,720 352

18,310 38,960 1,640 2:13
19,450 40,820 1,700 2:10
19,880 41,140 1,700 207

TaBLE XTII.—Fine Swedish Iron, \L Brand.

H B ! |
5,310 25,670 1,620 483
17,680 38,080 1,620 215
19,240 39,540 1,620 206
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slipped off to determine the residual magnetism, which in- this
case formed a considerable part of the whole. (The residual .
induction in the neck was about 8,000.) It may be doubted
whether saturation was complete even in the strongest field.

TasLe XIV.—Vickers' Tool Steel.

o) . [} .

H B ! ) "
6,210 26,480 1,630 410
9,970 29,650 1,670 - 297 -
12,120 31,620 1,660 . 260 .
14,660 34,5660 1,680 2-36
15,530 35,820 1,610 . 231

There appear, however, to be specific differences in the satun-
ration values of | in different steels. In the following Table a
summary of the results of experiments with other steels is given,
showing in each case the highest force applied and the highest
induction reached, along with (approximate) corresponding values
of | and p.

TasLe XV.—Steel of Various Qualities.

B-outsidefield| B
(u."umndﬁ..nx',lfl 8 | Gutalde ield

Description of Steel. r T
(=1pearly). [(= nearly).

1. Bessemer steel, contain-
ing about 04 per cent.
of carbon...... ..cceeunenes 17,610 |39,880 1,770 2:27
2. Siemens-Martin  steel,
containing about 0°5 per .
cent. of carbon ......... 18,000 | 38,860 1,660 216
3. Crucible steelfor making
chisels, containing about | -
0°6 per cent. of carbon...| 19,470 |88,010] 1,480 195
4. Finer quality of crucible
steel for chisels, con-
taining about 0'8 per

cent, of carboM.e.......... 18,330 |[88,190] 1,580 208
5. Crucible steel, containing
1 cer cent. of carbon ...| 19,620 |[87,690 1,440 192

6. Whitworth fluid - com-
pressed steel .o.....eee. 18,700 | 38,710 1,690 207
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- difficulty, as the following observations show. In the two.
specimens of nickel tested (Tables XVII. and XVIIL) the
saturation values of | were about 400 and 515 respectively ;.
the difference is perhaps due to differences in the amount of
iron present: neither specimen was pure. The saturation
value of | in cobalt (Table XIX.) appears to be 1,300, which is
a little greater than the value in cast iron.

TaBLe XVIL.—FHard-drawn Nickel (with 0-58 per cens.

of Irom).

H B B | »
2,220 7,100 390 390
4,440 9,210 380 200
7,940 12,970 400 168 -

14,660 19,640 400 1-34
16,000 21,070 400 1-38

TasLe XVIIL.—Annealed Nickel (with 075 per coent.

of Irou)

H B ] .
3,450 9,850 510 286
6,420 12,860 510 200
8,630 15 260 530 177

11 220 17 200 480 163
12 780 19,310 520 161
13,020 19 800 540 1-62

TasL XIX.—Cobalt (with 1:66 per cent. of Iron).

H B | ' ®
1,350 16,000 1,260 1273
4,040 18,870 1,280 4-98
8,930 23,890 1,290 2-82

14,990 30,210 1 310 210
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-measured by the induction B, the term saturation is inapplio-
able; there is apparently no limit to the value to which the
induction may be raised. But, when we measure magnetisa-
tion by the intensity of magnetism |, we are confronted with a
definite \limit—a true saturation value, which is reached or
closely approached by the application-of a comparatively mode-
rate magnetic force. There is nothing- to show that the ap-
proach to this limit is not asymptotic ; but in wrought iron it
is practically reached before the magnetic force rises to 3,000~
C.-G.-S., and after that a ten-fold increase in the force produces-
no material change in the intensity of magnetism. '

The results are further summarised in Fig. 72, which gives
ourves showing the relationt of the permeability x to the indus-
tion B drawn from the data supplied by experiments on—

(1.) Swedish wrought-iron (Table XIL.).

(2.) Vickers’ tool steel (Table XIV.).

(8.) Cobalt (Table XIX.).

(4.) Cast iron (Table X., and other data).

(5 and 6.) Nickel (Tables XVIII. and XVIL)
(7.) Hadfield’s manganese steel (Table XVL.).

§ 103. Apparatus for Applying the Isthmus Method.—In
applying the isthmus method it is desirable to be able to turn
the bobbin round suddenly between the magnet poles, in order
to determine the ballistic effect produced by reversal of its mag-
netism. An arrangement used by the writer for this purpose is.
shown in Figs. 73 and 74. Fig. 73 shows the electro-magnet as &
whole, and Fig. 74 is a sectional sketch of the pole-pieces and
bobbin and bobbin-holder. The poles, which are four inches in
diameter, admit of having the distance between them adjusted,.
and a brass piece a a is fitted between them, having hollow cones
turned out of its ends, into which the conical pole-pieces fit
exactly. Thisholds the pole-pieces at the proper distance apart.
Through the brass piece, a a,a cylindrical hole is bored, extending.
through from side to side, and removing the points of the conical
pole-pieces. Into this hole the bobbin-holder, ¢ ¢, with the bobbin,
d, is slipped from one side. The part which projects outside of.
a has a shoulder turned on it, which, when it is pressed home,
brings the axis of the bobbin just into line with the axis of the
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it is to be borne in mind that there is no discontinuity in lines:
of induction. The lines of induction pass out of the plate
normal to its surface, and B within the plate has the same value-
as the induction (or what is there the same thing, the magnetic-
force) in the air immediately in front of the plate.. This fact
was taken advantage of in determining B. It might have beemn
measured ballistically by slipping out an induction coil laid on
the face of M, or wound round the circumference of M ; but

\e

Fia. 756.—Optical Method of Measuring Magnetism in Strong
Fields (du Bois). ’

the plan actually used by du Bois was an optical one. A thim
glass plate G, with a silvered back S, could be interposed im
the path of the ray, immediately in front of the plate M—that
is to say, at the place where a determination of the magnetic:
field was wanted. A place polarised ray passing through
a plate of glass in a magnetic field suffers rotation, as
Faraday originally showed, and the amount of this rotation is-
proportional to the magnetic force and to the thickness of the
plate. In the present case the ray passed twice through the
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TasLe XX.—Cobalt in Strong Fields at 100°C.

H B 1 m

860 14,180 1,060 1649
2,600 16,760 - 1,134 6-70
4,800 19,5560 1 174 407
6,870 21 710 1 181 316
8,360 23,330 1 192 279

TaBLe XXL-—Nickel tn Strong Fields at 100°C.

H B I 'y
560 6,420 453 e
3,410 9,920 518 312
6,290 12,850 522 357
9,600 16,250 527 1-69
12,620 19 220 525 158

On making optical observations with a specimen of Hadfield’s
-manganese steel—the non-magnetic steel spoken of in § 70—it
was found that the amount of magneto-optic rotation of the
polarised ray varied considerably when the ray was reflected:
from different parts of the same polished surface, from which,
result du Bois infers that this material is essentially hetero-
geneous, having relatively strongly magnetic layers interposed
between non-magnetic or feebly magnetic portions of the mass,
He supposes the structure to be laminar, but so fine-grained.
that to ordinary tests it appears homogeneous.

§ 106, Magnetisation of Magnetite.—Du Bois has applied:
his optical method to obtain absolute measurements of thg.
magnetisation in strong fields of a crystal of magnetite (the.
magnetic oxide of iron, Fe; O,), which is the only substance:
that shares with iron, nickel, and cobalt the distinction of being
strongly magnetisable, The results show that there is &
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The magnetic force was applied by means of a coil, and the
specimen was an ovoid or prolate ellipsoid of revolution 18cms.
long, and 0'6cm. in diameter, which was kept at a uniform
temperature of 0°C. or 100°C. by applying ice or steam. Its
magnetisation was measured by the ordinary magmetometric
method, a compensating coil being used to balance the greater
part of the action of the magnetising coil upon the magneto-
meter. The ratio of diameters being 1 : 30, a correction of 0-052 |
had to be subtracted from the magnetic force due to the coil
to find the true magnetic force (see § 26).

Du Bois gives the results in the form of curves connecting
H with the magnetic moment per unit of mass—that is,
per gramme, It will be more convenient for us to adhere to
the usual practice of stating magnetisation by the quantity I,
which is the moment per unit of volumoc-—that is, per cubic
centimetre, The results are accordingly reduced to this form
in the curves of Fig. 76 and in Table XXII., the numbers in
which are calculated from measured values of the ordinates
in du Bois’ curves.* Tho iron tested was soft Swedish wrought
iron, carefully annealed.

‘TaBLg XXIL—Iron, Cobalt, and Nickel, in Moderately Strong

. Fields.
Hagaetio Foros Intensity of Magnetism, I.
?
H Iron at 0°C. Cobaltat 100°C. | Nickel at 100°C.
100 1,410 — 313
200 1520 856 375
300 1,680 933 406
400 1,627 988 498
500 1,658 1,018 441
600 Lem 1,032 450
700 1,689 1,048 456
800 1,697 1,056 459
1,000 1705 1,080 467
1,200 1710 1,090 an

* Phil. Mag., April, 1890, Plate VIII, Fig. 1,
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The observations with cobalt and nickel were made at 100°C.,
but within the range of magnetic forces that is dealt with here
‘the difference between 100°C. and atmospheric temperature has
but little influence on the magnetisation.

In Fig. 76 the same results are given, and the curves are
.completed to the origin (in an approximate fashion) by sketch-
ing in, from other data, the parts that relate to lower forces.
The gradient of the cobalt curve at the upper end shows how
<cobalt needs a stronger field than the others to make its
anagnetisation approach closely to a state of saturation.




CHAPTER VIII.

——

EFFECTS OF TEMPERATURE.

§108. Effects of Temperature on Magnetic Quality : Loss
of Magnetic Quality at a High Temperature.—Jt has been
known from the time of Gilbert that when iron or steel is
heated to bright redness it loses the power of either retaining
magnetism or having magnetism induced in it, but recovers its-
susceptibility on cooling. The same thing happens at a higher
temperature with cobalt and at a lower temperature with nickel.
In general, the change from the magnetic to the non-magnetic-
state occurs somewhat suddenly as the temperature is raised.
Thus, in one of the experiments of Hopkinson—to be referred:
to presently in more detail—a piece of wrought iron, subjected
to the action of a weak magnetic force, was found to be highly
susoeptible so long as the temperature did not exceed 775°C.
In fact, up to this point the effeat of heating was to increase-
the magnetic susceptibility, and at the temperature 775°C. it.
was many times greater than when the iron was cold. But
with further heating an extremely rapid loss of magnetic quality
ensued ; when the temperature had risen only 1ldeg. higher,
to 786°C,, the iron had become practically non-magnetic. Its
permeability was then only 1-1, whereas at 775°C. it had been
no less than 11,000. If the test be made with a strong mag-
netic force instead of a weak one the change from the magnetic
to the non-magnetic state is less abrupt, but it is equally com-
plete, and the same temperature as before makes the iron non- -
magnetio.* Hopkinson calls this the critical temperature. . The

* Reference should be made in this connection to the experiments of
Baur, in the Paper * Experimentelle Untersuchungen iiber die Natur der
Magnetisiringungafunction,” already cited. (Wiedemann's Annalen, 1880
Vol. X1.)
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critical point ; the cooling is arrested, and the temperature may
even rise, though the loss by radiation is going on as before. It:
is in hard steel that the phenomenon is most marked. So much.
heat is generated while hard steel passes from one molecular
state to another at the critical point, that there is a very visible-
reglow; the surface of the cooling metal turns for a few
moments from a very dull to a much brighter red, after which
the colour continues to fade. The point at which recalescence
takes place is the point at which the cooling metal returns:
from the non-magnetisable to the magnetisable state. This-
fact, which was surmised by Barrett, has been proved by the
experiments of Hopkinson, who has measured the amount of’
heat liberated during the change, and has, moreover, given
further proof that recalescence has an intimate connection
with the recovery of magnetic quality, by showing that it
does not ocour at all in non-magnetisable manganese steel.*

§ 110. Effects of Temperature below the Critical Point.—
In studying the effects of temperature we may adopt one or
other of two distinct methods. We may note the changes of
magnetism which are brought about by varying the tem-
perature, while the magnetic force is kept constant ; and as a
special case of this we may note the changes of residual
magnetism which are brought about by varying the tem-
perature when there is no magnetic force in action. Or we may-
compare the amounts of magnetism which are acquired at one-
and another temperature when the specimen is brought to the-
temperature in question before the magnetic force is applied.
In other words, we may determine the form which the curve of
I or B and H assumes, when the one or another temperature is-

* Hopkinson, loc. ¢it. A corresponding perturbation, involving absorp-
tion instead of evolution of heat, is observed during the heating of steel
when the magnetic state changes to non-magnetic. In regard to the
general subject of recalescence, reference should be made to the important
investigations of Osmond (“ Transformations du fer et du carboune,” Mém.
de Uartillerie de la marine, 1888), which deal especially with the tem-
perature at which the phenomena of recalescence occur. A general
account of the associated phenomena will be found in the Report of a
Committee of the British Association (B. A. Report, 1890). See also
papers by H. Tomlinson and H. F. Newall, Phil. Mag., 1887, vol. xxiv.,
pp. 256 and 435.
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that iron behaves in the same way. If we compare the sus-
ceptibility of iron at two temperatures we find that the suscep-
tibility is greater at the higher temperature provided the
magnetic force does not exceed a certain value, but less at the
higher temperature when the force does exceed that value. It
is with respect to weak forces that the influence of temperature
is most conspicuous. The most complete experiments on the
subject are those of Hopkinson, who has given in the two Papers
cited above (one dealing with iron and steel and the other with
nickel) a series of curves of magnetisation for each metal at
varjous temperatures, ranging up to the critical temperature at
which magnetic quality disappears. A few of his results may
be quoted as the best means of giving some account of the
connection between magnetic quality and temperature.

§ 111, Hopkinson’s Experiments on the Magnetisation of
Iron at Various Temperatures.—In these experiments the
specimens were rings, and the magnetisation was measured
ballistically by reversing the magnetising force. The primary
and secondary coils were insulated with asbestos paper; the
ring was placed in a cast-iron box, and was heated by a gas
furnace, and its temperature was inferred from the resistance
-of the secondary coil, which was measured before and after each
magnetic experiment.

A ring of soft wrought-iron, for which the critical tempera-
ture had been found to be about 785°C., was examined in
‘successive experiments, at various temperatures, the curve of
B and H being determined in each case, while the temperature
was kept as nearly constant as was practicable. The results
show that heating the iron to a high temperature (short of the
-critical temperature) augments its susceptibility with respect
to small magnetic forces very greatly. On the other hand, it
reduces greatly the effect of strong magnetic forces. For
.example, a force H of 0'075 C.-G.-S. was found to give the
following values of B at the temperatures noted :—

Temp. | 10°C. | 875°C. | 494°C. | 608°C. | 670°C. | 722°C. | 744°C. | 768°C. | 775°C. | 778°C.

B 17 | 41 | 456 | 59 | 120 | 144 | 203 | 294 | 494 | b12
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is for a temperature of 10°C. ; curve II. for a temperature of
670°C. ; curve IIL for a mean temperature of about 742°C. (it
varied a few degrees during the observations); and curve IV.
for a mean temperature of about 771°C. In Fig. 77 the early
portions only are shown; the scale of H is wide, in order to
display well the crossing of the curves. Fig. 78 shows the

Force 03

Permeability fo

Temperature

Fia. 79.—Relation of Permeability of Temperature in Iron, under &
‘Weak Magnetising Force,

whole process of magnetisation (in the same group of experi-
ments) with a twenty-fold smaller scale of H. The rapid
rise and low apparent saturation value in curve IV., where
the temperature approaches most closely to the critical value,
are to be noted. The same results are shown in a different
manner in Figs. 79, 80, and 81, also copied from Hopkinson's
paper. These give the permeability s in relation to the
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present the same characteristics as the corresponding curves
for iron. With a magnetising force of 0-3 the highest permea-
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. F1a. 82.—Magnetisation of Mild Steel at Various Temperatures.

bility is over 9,000, and this is found at a temperature only »
very few degrees below the critical point.
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Fio. 83.—Magnetisation of Mild Steel at Various Temperatures.

§ 113. Whitworth’s Hard Steel.—Fig. 84, taken from the
same source, relates to a sample of hard steel containing 0-96-
per cent. of carbon. The sample was annealed before the:
observations were made. The three curves, I., II., and IIL,.
are for three temperatures, 9°C., about 522°C., and about-
678°C. respectively. Fig. 85 is the curve of x and tempera-
ture for the same sample, the magnetising force being 1°6.-
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-or another of a series of temperatures which ranged up to the
critical point at which magnetic susceptibility disappears.
The specimen tested was impure, containing 95 per cent. of
nickel, with about 1 per cent. (each) of iron, cobalt, and
wcarbon, and 1} per cent. of copper. Its critical point was
about 310°C. A little below that temperature the suscepti-
bility diminished wery rapidly with rise of temperature, though
there was no such excessively rapid loss of susceptibility
a8 iron shows (under weak magnetising force) when the
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Fia. 86.—Magnetisation of Nickel at Various Temperatures,

«critical point is approached. At lower temperatures the
susceptibility was observed to increase with rise of temperature
when the magnetic force was low, but to decrease with rise of
temperature when the magnetic force was high, in accordance
with what has been already described as characteristic of the
offects of temperature upon all the magnetic metals. Thus,
taking curves of B or of | and H at any two temperatures
{both well below the critical point) it is found with nickel, as
-with iron, that the curve for the lower temperature lies at
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critical point is much lower; and that in nickel the change
from the magnetic to the non-magnetic state is much less
abrupt than in iron. Perhaps for this reason the change is.
not associated with any such striking physical changes as ac-
company it in iron. Nickel does not recalesce, and an experi-
ment of Hopkinson’s* shows that the change from the non-
magnetic to the magnetic state, as the metal cools, is attended
by no sudden liberation or absorption of heat. Notwithstand-
ing the fact that the specimen tested by Hopkinson was.
not pure the critical point found with it appears to be fairly
representative of the critical point in nickel. In another
sample tested by du Bois,} the critical point again occurs
about 300°C.

§115. Effects of Temperature within the Atmospheric
Range.—None of the three magnetic metals is sufficiently
affected by temperature to have its magnetic susceptibility
very materially altered by any change of temperature that
is liable to be experienced within the atmospheric range. In
the case of iron, especially, the effects which atmospheric-
fluctuations of temperature exert upon the magnetic qua
lity are too slight to require to be taken account of in
specifying the magnetic properties of a sample, or in stating
the results of experiments. Even when iron is raised to
100°C. the influence of the heating is by no means consider-
able. This i3 shown in Fig. 88, which gives two pairs of
curves of | and H, one referring to iron wire in the soft
annealed state, and the other to the same wire after it had
been hardened by stretching beyond the limit of elasticity.}
The full line in each pair is a curve of magnetisation taken
at atmospheric temperature (7° or 8°C. in this case), and
the dotted line is a curve of magnetisation taken while
the wire was maintained at a temperature of 100°C. by
enclosing it in a tube through which a current of steam
was kept up. The curves cross at much the same value
of | for both conditions of the metal, though at very different
values of H.

* Hopkinson, loc. cit., p. 319. 4 Du Bois, Phil. Mag., April, 1890.
% Phil. Trans., 1885, p. 637.
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§ 116. Effects of Varying Temperature, the Magnetic Force
being Constant.—In the experiments which have been noticed
above, the temperature was kept constant and the magnetic
force was varied. If we keep the force constant and vary the
temperature, a rather complex series of effects will be observed.
In the first place, there is in general an effect which is not
reversible—that is to say, which would not be undone if the
temperature were brought back to its initial value. The first
effect of any heating is like the effect of vibration: it produces
a permanent change in the magnetisation; but whether that
change will be an increase or a decrease will depend on the .
previous history of the magnetised piece. The reason of this
should be apparent when we come to discuss molecular theories
of induced magnetism : in effect it is this, that at any (not
extreme) stage in the process of magnetisation there are groups
of molecules verging on instability, which are precipitated into-
instability when the temperature begins to change. This
effect is distinct from—and may be much greater than—the
reversible changes of magnetism which are caused by alternate
heating and cooling. But when any alternation of heating
and cooling is sufficiently often repeated, a cyclic régime is
established ; the magnetism will then fluctuate between
two values, but whether the higher or the lower value will
correspond to the hotter state will depend on whether the
magnetism is below or above a certain value. In other words, the
effects of temperature, when tested in this way (by repeated alter-
nate heating and cooling), become reversed when the magnetisa-
tion is sufficiently strong. When there is but little magnetisa-
tion heating augments, and cooling reduces the amount of
magnetism, whether that be either residual or induced by the
action of a constant magnetising force; when there is much
magnetisation the reverse happens. The reversal of effect
which is observed in experiments of this class is evidently to:
be anticipated in connection with the crossing of the magneti-
sation curves in experiments of the class described above. But,
on account of complications proceeding from magnetic hys-
teresis, it is not possible to infer, from results of experiments
of the one kind, where the reversal shotild occur in the other.

That the first effect of any change of temperature on the
magnetism of iron or steel is not reversible has been shown by
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reversed effect was more marked, the range being from 9-09
{cold) to 9-04 (hot).

A similar experiment with a piece of annealed iron wire*
showed that the reversal of effect took place in that case when
| was about 20. At an early stage | ranged from 4-77 (at
6°C.) to 4'95 (at 100°C.); at a later stage (after reversal) |
ranged from 37-53 (at 6°C.) to about 36-77 (at 100°C.). In
both cases the reversal occurred at a very early point in the
process of magnetisation.

In another case { the magnetisation of the specimen was
examined at intermediate points, during heating and during
cooling, to see whether there was hysteresis in the relation of
magnetism to temperature. The specimen—a long iron wire—
was fixed inside a glass tube which could be oonnected at one
end to any one of three small boilers capable of supplying a
steady current of steam, of alcohol vapour, and of sulphuric
ether vapour, or to a cistern supplying cold water. Steam and
cold water (at 14°C.) were alternately passed through the tube
many times until the magnetic state of the wire was observed
to change from one to the other of two nearly steady values.
Then readings of the magnetometer were taken during
the passage through the tube of (1) cold water, (2) ether
vapour, (3) alcohol vapour, (4) steam, (5) alcohol vapour,

. (6) ether vapour, (7) cold water. This completed a cycle
of temperature changes in which two intermediate points
(35°C. and 783°C.) were fixed during the process of heating
and cooling. The method was adopted in order to secure
that the iron should be exposed sufficiently long to an atmo-
sphere of definite temperature to give it time to take that
temperature throughout, and so avoid any possibility of
error proceeding from the sluggishness with which changes of
temperature take place. The stream of vapour was kept up in
every case until the magnetometer reading became steady.

The iron was magnetised to begin with sufficiently strongly to
make the heating cause a diminution and the cooling cause
an augmentation of magnetism. The only magnetic force in
action during the heating and cooling was the earth’s vertical
field. In the following statement of observed results the

* Loc. cit. p. 635. + Loc. cit., p. 631.
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the oil, which was observed by means of two thermometers.
Several heatings and coolings preceded the cycle in which the-
observations were made. Here, as in the former case, there
was no sensible hysteresis in the relation of magnetism to-
temperature.

§ 118. Hysteresis in the Relation of Magnetic Suscep-
tibility to Temperature.—Although no hysteresis appears in
the experiments which have just been described—the magnetic
condition depending, apparently, only upon the actual tempe-
rature and not upon past temperatures—it is still possible to-
experiment under conditions which show hysteresis in the rela-
tion of magnetic quality to temperature. Hysteresis of this
kind is found when the range through which the temperature
varies is sufficiently wide to include the critical region in which
magnetic quality disappears during heating and reappears
during cooling. The disappearance and reappearance do not
occur at the same temperature. There are two critical tem-
peratures: one is the point at which magnetic quality is lost
during heating, and this is higher than the other, namely, the
point at which magnetic quality is regained during cooling.

In ordinary iron and steel the difference between these two-
critical temperatures is not great—perhaps ten or twelve
degrees in soft iron—and the direct measurement of it is a
matter of some difficulty. That there is a difference, however,
admits readily of easy experimental proof,* and may, indeed,
be inferred from the phenomenon of recalescence. It is known

* A very pretty experiment, showing that the change of state which
iron or steel undergoes in passing a red heat occurs at different tempera.
tures during heating and during cooling, has been described by Mr.
H. F. Newall (Phil. Magy., June, 1838), and also (Rep. Brit. Assoc.,
1889, p. 517; Proc. Roy. Dublin Soc., 1886) by Mr.- F. T. Trouton.
A lamp flame, held under an iron or steel wire (which is in circuit
with a galvanometer), so that a short portion of the wire becomes red
hot, is made to travel slowly under the wire, and it is found that a
current appears in the galvanometer, the direction of the current
depending on the direction in which the flame travels. The current is
due to difference in thermo-electric quality between that part of the
iron which has changed its state by passing the critical point and that
part which has not changed its state, and depends on the fact that on the
side which is being heated the change of state is occurring at & higher
temperature than on the side which is being cooled.
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§ 119. Hopkinson’s Experiments with Nickel-Iron Alloys.—
The samples were tested ballistically, in the form of rings, the
temperature being inferred from the resistance of the secondary
coil. A sample containing 4-7 per cent. of nickel and 0:22 per
cent. of carbon gave a magnetisation curve, at the temperature
of the atmosphere, resembling the curves given by ordinary
mild steel. When this specimen was heated, the magnetio
quality being tested by reversals of a magnetising force of
012 C.-G.S., it was found to lose susceptibility as the
temperature approached 800°0., and not to regain it on
cooling until the temperature had fallen to 650°C. or
600°C. Fig. 90 shows the changes which took place during
heating and cooling; it gives the induction B produced
by reversing the force H of 0:12, in terms of the tempera-
ture. It will be seen that there is a clear range of about
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Fi1a. 90.—Steel with 47 per cent. Nickel. Magnetising Force 012,

150 degrees within which the metal may exist in either of
two states: in orie state it is as susceptible as ordinary mild
steel ; in the other it is practically non-magnetisable, the
permeability being, in fact, only about 1-4. Under stronger
magnetising forces the magnetic quality appears and dis-
appears at about the same two points. Further, an experiment
in which the time rates of heating and of cooling were observed
showed that the same two temperatures were marked by
perturbations such as occur at the critical temperature in iron,
the higher temperature being associated with an absorption of
heat in the process of heating, and the lower temperature
with an evolution of heat in the process of cooling. The heat
which was liberated in cooling, at the temperature where
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magnetic quality returned, was found to be about 150 times the
quantity which would raise the temperature of the piece by
one degree.

Still more striking results were obtained by Hopkinson with
a specimen containing 25 per cent. of nickel. This was non-

ction

n

Fia, 91.—Steel with 25 per cent. Nickel. Magnetising Force 6°7.

magnetisable at ordinary temperatures in its primitive state, but
on being cooled in a freezing mixture it became magnetisable at a
temperature a little below the freezing point. Rendered mag-
netisable in this way, it retained its magnetic quality on being
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Fia. 92.—Steel with 25 per cent. Nickel. Magnetising Force 64.

warmed until the temperature rose to 580°C. At that tem-
perature it became again non-magnetisable, and remained so
on cooling down to the ordinary temperature of theair. Within
a range of about 600 degrees this steel is capable of existing,
quite stably, in either state. Figs. 91 and 92 show the
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induction B (produced by reversals of magnetic forces equal to
6-7 and 64 respectively) in terms of the temperature. In the
non-magnetisable state the permeability is only 14 ; in the
magnetisable state the permeability resembles (but falls rather
short of) that of hard nickel. The curve of magnetisation (at
13°C.) is copied in Fig. 93. Hopkinson has also shown that
other physical properties of this alloy change along with its
magnetic properties. The electrical conductivity is markedly
different in the two states: at 0°C., for instance, the specific
resistance is only 0°00052 if the substance has been brought
into its magnetisable state by applying a freezing mixture, but
is 000072 if it has been brought into the non-magnetisable
state by previous heating above 600°C,

40 50 80 7]
Fia. 93.—Steel with 25 per cent. Nickel. Curve of B and H.

Equally pronounced differences are found with regard to
extensibility and strength. In the non-magnetisable state this
metal is comparatively soft; wires show an elongation of 30
per cent. or more before rupture, and break with a load of about
50 tons per square inch. In the magnetisable state it is much
harder ; there is only 7 or 8 per cent. of extension, and the
strength is ag much.as 85 tons per square inch, or even more.
“If,” says Hopkinson, ‘ this material could be produced at a
lower cost these facts would have a very important bearing.
As a mild steel the non-magnetisable material is very fine, having
so high a breaking stress for so great an elongation at rupture.
Suppose it were used for any purpose for which a mild steel
is snitable on account of this considerable elongation at rupture:
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if exposed to a sharp frost its properties would be completely
changed—it would become essentially a hard steel until it
had actually been heated to a temperature of 600°C.” It is
interesting to notice that specimens of the non-magnetisable
metal when broken in the testing machine pass into the mag-
netisable state ; the change occurs along with the mechanical
‘hardening which the metal suffers in being drawn out.

This remarkable power of assuming one or other of two
widely different physical states is less noticeable when the per-
centage of nickel in the alloy is further increased. Two other
aickel-iron alloys, containing respectively 30 per cent. and

Fia. 94.—Steel with 33 per cent. Nickel, Magnetising Force 1°0.

33 per cent.-of nickel, Hopkinson found to be much more
permeable, and to show very much less hysteresis with respect
to temperature in changing between the magnetisable and
non magnetisable states, and to change at a comparatively low
temperature. Fig. 94 shows the results of magnetising the
-33 per cent. sample with a force H of 1:0. The curves, which
correspond to rising and falling temperatures, are not far apart,
and the change takes place at temperatures lying near 200°C.
In the 30 per cent. sample the critical temperatures are lower
{(about 140°C. in heating and 125°C. in cooling). Finally, a
sample containing 73 per cent. of nickel showed no material
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difference between the critical points for heating and coolmg,
its critical temperature was 600°C.

These observations make it not unlikely that a substance
such a8 manganese steel, which is nearly non-magnetic in alk
conditions of temperature in which it has hitherto been tested,
would become magnetic if the temperature were sufficiently
lowered. And it is even possible that other metals than iron,
nickel, and cobalt are non-magnetic only because all our deal-
ings with them are at temperatures above a * critical point.”




CHAPTER IX.

EFFECTS OF STRESS.

§ 120. Effects of Stress: Introductory.—No part of our
subject is more interesting than that which deals with the
effects of mechanical stress in altering the susceptibility, the
retentiveness, and other qualities of the three magnetic metals.
The matter is not, at least as yet, one of practical moment, for
it has at present no direct bearing on any of the applications of
magnetism ; but its importance on the theoretical side is not
easily overrated. The effects of stress form a fascinating subject
of inquiry to the physical student, and are likely to play a con-
giderable part in revealing the molecular structure which makes
magnetisation possible. The subject is a large one, and the
results that have been already obtained are too intricate to
permit more than a very general account of them to be given
here. It will be most convenient to state the salient facts,
without much regard to the historical order of their discovery,
The first inquirer in this field appears to have been Matteucei,*
who noticed an increase of magnetism in a magnetised iron
bar when the bar was pulled lengthwise. Villari t made the
important discovery that the character of this effect became
reversed when the bar was sufficiently strongly magnetised :
let the iron bar be weakly magnetised, and the effect of pull
is to increase the magnetism ; but let the bar be strongly
magnetised, and the effect of pull is to reduce the magnetism.
This “Villari reversal” (as it is now called) of the mag-
netic effects of stress in iron was rediscovered by Sir W.
Thomson in the course of an inquiry which may be said to have

* Comptes Rendus, 1847 ; Ann. de Chimic et de Physique, 1858,
+ Pogg. Ann., 1868.
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laid the foundation of exact knowledge in this subject.* Thom-
son studied the effects of longitudinal stress by loading and
unloading iron wire and steel wire in magnetic fields of various
strengths; he extended the same method of investigation to
nickel and cobalt. He found by experiment with a steel gun-
barrel under hydrauhc pressure that the effects of transverse
stress were opposite in kind to those of longitudinal stress. Com-
paring the results of longitudinal and transverse pull, he pointed
out that the effect of a simple pulling or pushing stress was
to develop a difference of magnetic susceptibility in directions
lying along and across the line of pull or push; and he applied
this consideration to the case of torsional strain, deducing
results which were verified by experiment, and discussing earlier
experiments by Wiedemann, who, it may be added, has made
the relations of torsion and magnetisation the subject of much
detailed study.t The work of Thomson has been followed up
and extended by others, particularly in the direction of inves-
tigating the forms which the magnetisation curve (the curve of
{ and H) assumes when the piece under test is subjected to
various kinds and degrees of stress; and also of investigating,
by continuous magnetometric observations, the manner in which
a loaded piece gradually acquires or loses magnetism when the
loads are varied, a constant magnetising force being kept in
action. The effects of hysteresis, which present themselves at
every turn in experiments on this subject, do much to compli-
cate the results: and it is only by following both methods of
inquiry—that is to say, by examining the consequences of
changing the magnetic force while the state of stress is kept
constant, and also those of changing the stress while the mag-
netic force is kept constant—that we can obtain a tolerably clear
connected view of the phenomena.

§ 121. Effects of Longitudinal Pull on the Susceptibility
and Retentiveness of Nickel—It is most convenient to
begin with nickel, because the effects of stress are—for the

* Sir W. Thomson, “Effects of Stress on Magnetisation,” forming Parts
VI. and VIL of his great series of Papers on the ‘Electro-Dynamic Qus-
lities of Metals” (Phil. Trans., 1875, 1878 ; Reprint of Papers, Vol IL,
pp. 332—407).

+ See Wiedemann’s Elektricitiit, Vol. I1L., § 762, et seq.
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190 MAGNETISM IN IRON.

kilos. it is only 16. The proportion of residual to total induced
magnetism has a maximum of 0-76 under no load ; but under-
2 kilos. it is reduced to 0'61, and under 12 kilos. to 0-19. The
amounts of magnetism which disappear when H is removed,
under various loads, form a greater proportion of the whole
the more the load is increased, although (owing to the re-
duction in the total magnetism) the absolute amount that’
disappears when a strong force is removed is greater for-a
small load than it is for no load, and then less again for a large
load.*

The presence of a small amount of load may, therefore,
be said to ¢ncrease the susceptibility of nickel with respect to
that part of the magnetism which comes and goes when H
is alternately applied and removed, provided H is strong;
when H is weak the effect of any load is only to reduce this
susceptibilty.

Fig. 96 gives the results of a similar experiment in which
the same piece of nickel wire, after being hardened, how-
ever, by a slight amount of stretching beyond -its limit of
elasticity, was magnetised under a succession of pulling loads,
ranging up to 18 kilos., or about 50 kilos. per sq. mm. With
no load the maximum susceptibility of this hardened wire was
about 8. Under the highest load the susceptibility was prac-
tically constant within the range of M used (up to 100 C.-G.-8.),
and its value was only about 0'5 (permeability about 6-3). In
this condition of stress the residual magnetism is almost
nil. The dotted lines in this figure show the effect of
gradually removing the strongest value of H which had been
reached in the process of magnetising ; they illustrate well
how the residual magnetism becomes smaller, not only abso-
lutely, but as a fraction of the whole magnetism, when heavier
loads are used.

§ 122. Effects of Longitudinal Push on the Susceptibility
and Retentiveness of Nickel.—The reduction of susceptibility
and retentiveness in nickel by longitudinal tensile stress is asso-
ciated with an equally striking augmentation of susceptibility

* This fact has been noticed independently and commented on in a recent
Paper by H. Tomlinson (Phil. Mag., May, 1850).
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194 MAGNETISM IN IRON.

gives the residual magnetism, which was observed in the usual
way by withdrawing H at a number of stages during the
taking of each magnetisation curve. Especially to be noted is
the sharpness with which the curve of induced magnetism, under
tLo heaviest stresses, bends over when H is about 20. The
approach towards saturation is extremely rapid, and the charge
from a highly susceptible state to an insusceptible—because
nearly saturated—state is remarkably abrupt.

Fig. 100 shows the result of the same experiment in a
different way : the permeability p is plotted there in relation

Permeability -

50

Naanetic Induction B.

Fi6. 100.—Permeability of Nickel in the Lard st: te,

to B for-three conditions of stress which are specified on the
curves.

Fig. 101 records a corresponding set of observations made on
a nickel rod in the annealed state, under compressive stresses
ranging up to 68 kilos. per square mm. The curves of g and
B which relate to this experiment have already been shown in

Fig. 41, § 75.

§ 123. Effects of Cyclic Variation of Longitudinal Stress on
the Magnetism of Nickel. —As might be anticipated from the
curves that have been given above, a magnetised nickel wire
subjected to cyclic variations of pull by loading and unloading
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196 MAGNETISM IN IRON.

it with suspended weights suffers much reduction of its mag-
netism when the weights are put on, and much increase of its
magnetism when the weights are taken off. This happens
whether the magnetism be induced or residual.

In Fig. 102 a number of curves are drawn to show the
observed effect (upon 1) of applying and removing loads while
the magnetising force specified in the right-hand margin of the
figure remained continuously in action. The dotted curves
in the same figure show how the residual magnetism

or  Nagnatestion 1.

Nognelic  Force

[} ]
Load in Kilos.

Fia. 102.—Effects of Loading and Unloading Nickel Wire in Various
Constant Fields.

which was left after the action of the strongest force
(116 C.-G.-S.) was affected by loading and unloading. In
this experiment each kilogramme of load corresponds to
a stress of 275 kilos per square mm. When these curves
are compared with corresponding curves for iron, which will be
given later, it will be seen that there is comparatively little
hysteresis of magnetism with respect to stress in these.

There is, however, some hysteresis; the curve for the
process of loading invariably lies above the curve for the
process of unloading, even when the cyclic variations of stress
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the differences between them becoming only accentuated as the
magnetising force is reduced to zero. Thus, the presence of
pulling load is unfavourable to the residual magnetism left

2 kiles.
6 kilos.

Mag. Force H.

Fi1a. 103.—Magnetisation of Annealed
Iron under various amounts of Longi-
tudinal Pull,
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after a strong field has been applied ; though, as another
experiment has shown, it is favourable to the residual mag-
netism that is left after magnetisation by a weak field. Its
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F10. 108, —Magnetisation of Annealed Iron under Various Amounts of
Longitudinal Pull.
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influence on the residual magnetism is, in fact, of the same
kind as its influence on the induced magnetism ; both suffer
reversal when the magnetisation is sufficiently increased. The
curves of residual magnetism (which are not drawn in the figure)
cross each other in the same manner as the curves of induced
magnetism. The results of this experiment are shown in a differ- .
ent mannerin Fig. 104. A series of curves are drawn there, each
relating to a particular value of the force H, to show the relation
of the value of | reached by applying that force, to the amount
of load which was present when the force was applied.

This figure shows very clearly that, except under the strongest
magnetising force that was applied in the experiment, the pre-
sence of a very small amount of pulling load increases the sus-
ceptibility ; and further, that except in the weakest fields, the
presence of a fairly large amount of pulling load reduces the sus-
ceptibility. Except at very low and again at high magnetisations,
there is maximum of a susceptibility occurring with a particular
load ; and the value of this load becomes smaller as the magnetisa-
tion is increased. This maximum disappears in the lowest fields,
no doubt only because the load is insufficiently great to show it.

§126. Hardened Iron under Pulling Stress.—Figs. 105 and
106 show the effects of various amounts of longitudinal pull on
iron wire which had been previously hardened by stretching
beyond the elastic limit. Fig. 105 gives the induced magnet-
ism, and Fig. 106 gives the residual magnetism, both in relation
to H, the process of magnetising being performed, as in previous
examples, while a constant load hung from the wire.

The first thing to observe here is the immense effect which a
moderate amount of pull has in augmenting the susceptibility
with respect to feeble magnetising forces. On the other hand,
when a condition approaching saturation is reached, the presence
of load is unfavourable to magnetisation ; in other words, we
have, as before, the Villari reversal. But it is now to be noticed
that even in the weakest fields the susceptibility is increased
only when the amount of the load is moderate : to apply stress
beyond a certain amount is prejudicial, whether the magnetisa-
tion be strong or weak. This is shown by the fact that the
curve for 14-8 kilos lies below the curves for 5 and 10 kilos
thoughout its whole course.
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The same remarks apply to the residual magnetism (shown
in Fig. 106). The influence of stress on it is even greater.
Fig. 107 shows, in the same way as Fig. 104, the results of
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F1a. 105.—Magnetisation_of Hardened Iron under various amounts of
Longitudinal Pull,
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F1e. 106.—Residual Magnetisation of Hardened Iron under various
amounts of Longitudinal Pull.
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another experiment of the same kind, in which a piece of the
sawe iron wire, also hardened bystretching, was magnetised under
a series of loads which in this case ranged up to about 19 kilos.
This figure shows very clearly that a moderate amount of load is
more favourable to magnetisation than either less load or more ;
the exact amount which is most favourable depends on the
degree of magnetisation, being less in strong fields than in weak
ones. It varies, in this example, from about 10 to 5 kilos, for
the range of magnetic forces with which the experiment deals.

The effects of pulling stress on the susceptibility of steel are
generally similar to the effects in iron.

§ 127. Effects of Applying Longitudinal Pull to Magnetised
Iron.— In the experiments described above the pull was applied
before magnetisation began, and was then left constant, It
remains to describe what is observed when the pull is varied
while the magnetising force is kept constant. If there were no
hysteresis, we should obtain in this way curves similar to those
of Figs. 104 or 107. In consequence of hysteresis the changes
of magnetism that are actually produced by changing the load,
though maintaining a general similarity to these curves, differ
from them in two important respects. In the first place, the
initial effects which are observed when we first begin to change
the stress are in general very great, and are to be distinguished
from the effects obtained after a cycle of stress changes has been
repeated once or twice. These initial effects of applying stress
resemble those that are produced by vibration, although the
process of loading may be conducted in such a way that no
actual vibration takes place. They proceed, as the molecular
theory to be discussed later indicates, from a condition of mole-
cular instability ; and they do not disappear when the stress is.
removed. Thus, when we begin for the first time to load an iron
wire, to which a weak or moderately strong magnetising force
has been applied, we find that the first loads are associated with
an increase of magnetism, which may be so great as to increase
the whole quantity ten-fold. Moreover, if a load has been
hanging from the wire while the magnetising force was being
applied, we find that on beginning to remove it an increase of
induced magnetism takes place. Again, if we are dealing with
residual magnetism, the first effect of changing the load after
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Next, a stronger field still (1865 C.-G.-S.) was applied
(Fig. 109). The curve for first loading still shows a consider-
able permanent augmentation of magnetism ; but a cyclic state

Loadinlalos
F1o. 108.—Effects of applying Pull to Magnetised Iron.

is reached sooner than in weaker magnetic fields. In still
stronger magnetic fields the curves become more and more
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flattened down into a form in which the application of load
causes a diminution of maghetism throughout.

Finally, to show how the residual magnetism is affected by
change of stress, the residue left after applying a field of 2:49
units and subjecting the wire to loads in that field, was made the
subject of the experiment shown by the lines £ ¢ % in Fig. 108.
These curves show how (starting from the point f) the residual
magunetism suffered changes due to loading and unloading,
which may best be described as a progressive decrease of mag-

Intensity of

+ ¢ 8 10
Load in kilos

Fia, 109.—Effects of applying Pull to Strongly Maguetised Iron.

netism superposed upon cyclic changes of the same character as-
those which are shown in previous figures. If we repeat the
cycles of load on a piece in which there is only residual mag-
netism, we find, in fact, cyclic changes of the same general kind
as those that are found when a magnetising force is in action.

§ 128. Hysteresis in the Effects of Stress.—The hysteresis
of magnetism with respect to changes of load, which is clearly
exhibited by these curves, is static in character—that is to
say, it does not depend on the time-rate at which loads are
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-applied nor on the intervals which are allowed to elapse before
readings of the magnetisation are taken. After any condition
«f load is reached, the magnetism does not change with the
lapse of time, except possibly to a very insignificant extent.
During each loading, after a cyclic condition has been estab-
dished, the magnetism is at first increased ; but a maximum is

Order of operations,
0-5-0-8-3-26-9-126+3-8-0
corresponding to
a-b-c-d-¢ - f-g-b‘t-j-b

Zoadtn
Fio. 110.—Effects of Pull on a Stretched Iron Wire,

passed as more load is added, and later additions of load reduce
the magnetism. A similar maximum is seen during unloading ;
but owing to hysteresis the maximum comes at different loads
in the two cases; each maximum is shifted, through hysteresis,
‘to a later place in the operation than it would otherwise have.
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Another manifestation of hysteresis is seen in the easy gradient
with which each curve begins, as the process of loading is
changed to that of unloading, or vice versd. In a weak field the
initial gradient of each curve is so small that the curve
appears to set out tangent to the line of loads.

Fig. 110 may be referred to in further illustration of the

presence of hysteresis in changes of magnetism caused by

g 320

300

Magnetis

220

80

Load n kilos.
Fiq. 111.—Influence of Vibration on Effects of Loading and Unloading.

changes of load.* It shows the effect of superposing on a
principal cycle of pulling stress changes several minor cycles,
in each of which hysteresis is very apparent. The order in
which the loads were applied was this:—0, 5, 0, 8, 3, 12:6,
9,126, 3, 8, 0. The wire dealt with here was of iron, and
had been hardened by stretching: it hung in a constant field

the force of which was 0-34 C.-G.-S.
P
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§ 129. Influence of Vibration on the Effects of Stress.—
These indications of hysteresis disappear almost entirely if we
submit the piece under test to 'mechanical vibration either
during or after the changes of load. As modified by vibration
the curves for loading and unloading become nearly coincident.
The whole amount of magnetic change is increased. A maxi-
mum point is still found, which lies, as regards load, between
the two maximums that are observed when the processes are
gone through without vibration. Tapping the wire at any
stage in the process produces, in general, a large change in its
magnetism ; but if loading or unloading is then resumed,
without further tapping, the presence of hysteresis is at once
conspicuous. Fig. 111 (page 209) illustrates the influence of
vibration, by showing the curves got by repeated loading and
unloading of an iron wire, suspended in a weak magnetic field,
first without vibration, and also with smart vibration before.
each reading of the magnetometer was taken.

§ 130, Effects of Loading Annealed Iron.—On applying
loads to an annealed iron wire hanging in a magnetic field, we
find at first the same extreme sensitiveness, the result of mole-
cular instability. Repetition of the loading, if repeated often
enough, brings about a cyclic state in which there is much
less total change of magnetism - than is found in the corre-
sponding experiment with hardened metal. As to the character
of the change, it depends on the magnitude of the load. With
a sufficiently light load, loading produces increase and unload-
ing produces decrease of magnetism ; with a moderately heavy
load these effects are reversed.*

§ 131. Effects of Longitudinal Stress in Cobalt.—Sir W.
Thomson, testing a cobalt bar hung vertically in the earth’s
magnetic field, found that pulling decreased and relaxing
the pull increased the induced magnetism. The effects of

* For examples of the curves got by loading and unloading annealed iron
see Phil. Trans., 1885, plates 62 and 64. Many of the effects of stress,
both in annealed and in hardened metal, will be found exhibited there, by
means of curves, more completely than it is possible to exhibit them here.
A few examples of the effects of compressive stress on the curves of | and
H for iron will be found in a paper in the Phil. Mag. for September, 1888,
The presence of compressive stress lowers the curve, as might be antici-
pated from the raising of it by tensile stress, shown in Figs. 103 and 105.
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curves of induced magnetism for a rod of cast cobalt, tested
(within a yoke) without stress, and also with a compressive
stress amounting to 16-2 kilogrammes per square millimetre.
The broken lines are the corresponding curves of residual
magnetism. The induced curves cross, illustrating the reversal
described by Mr. Chree. The residual curves do not cross
within the limits of field used here; but other experiments,
made with the same rod but with heavier loads, show a crossing
in them also. Curves of the permeability in térms of B, drawn
from the data of the same experiment, have already been given
in Fig. 42, § 76.

§132, Relation between the Effects of Stress on Mag-
netism, and the Effects of Magnetism in Changing the
Dimensions of Magnetic Metals.—In his book on “Applications
of Mathematics to Physics and Chemistry ”-(p. 47 et seq.), Prof.
J. J. Thomson has discussed this subject, and has pointed out
that it is possible, from theoretical considerations, to predict the
general character of the effects of stress from a knowledge of
the changes of dimension caused by magnetisation. Mr. Shelford:
Bidwell,in a Paper which will be referred to later in more detail,*
has shown that an iron rod lengthens when it is magnetised, pro-
vided the magnetising force does not exceed a certain limit, but.
shortens if the force does exceed that limit. Prof. Thomson
shows that this reversal of effect is to be anticipated from the
Villari reversal which is observed in the .effects of longitudinal
stress. Again, a nickel rod shortens when magnetised, and con-
tinues to shorten under high magnetic forces ; this agrees with
the fact that in nickel there is no Villari reversal, and that
longitudinal pull diminishes the magnetism, whether that is
weak or strong. Again, with cobalt Bidwell has found effects
opposite to those found in iron, namely, that weak magnetisa-
. tion shortens a cobalt rod and strong magnetisation lengthens
it. Applying his equations to this result, Prof. Thomson
has anticipated what the character of the effects of stress in
cobalt should be. Mr. Chree’s experiments have verified his
conclusions, by showing that the effects of stress in cobalt are
the reverse of the effects of stress in iron, tensjon diminishing
weak magnetism but augmenting strong magnetism.

* Phil. Trans., 1888, A, p. 205.
1 See the introduction to Mr., Chree’s Paper, Pkil, Trans., 1890, A, p. 329
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after the process of demagnetising has been gone through, we
apply and remove some load before beginning to magnetise.
Though there has been no immediately obvious mechanical
change, the wire has undergone a change of structure which
shows itself in the form assumed by the curve of magnetisation.
We find the magnetic susceptibility, especially under low forces,
much greater in this than in the former case. The whole differ-
ence in procedure may be no more than this, that in one case the
load is removed before the process of demagnetising is performed ;
in the other case, the process of demagnetising is performed
before the load is removed. So slight a difference in procedure-
might, perhaps, be expected to have no influence on the form of
the curve ; in fact, however, it has a large influence. The curve-
of magnetisation depends not merely on the load actually pre-
sent : it is affected, especially in its early portion, by any
changes of load which have taken place since the preceding.
demagnetisation. For instance, it has been observed that if a
curve be taken with (say) a pull of 3 kilos on an iron wire,
and if, after complete demagnetisation, the load be raised to
4 kilos and 1 kilo be removed, and a second curve be then
taken, the second curve will differ very sensibly from the first,
in spite of the fact that the wire may have previously been
subjected to many times that amount of load, and was, there-
fore, in a mechanically stable state.

§ 134. Experiments showing Residual Effects of Stress.—
In the following case an iron wire* (previously hardened by
permanent strain) was loaded with a weight of 185 kilos, or
425 kilos per sq. mm. This weight was repeatedly applied
and removed, then finally removed ; the wire was demagnetised
by reversals, and the magnetising process was then gone
through, giving the magnetometer readings stated in column L
of Table XXIII. Then the wire was demagnetised: the weight
of 18-5 kilos was applied and removed, and then the process
of magnetising was again gone through, giving the magneto-
meter readings in column II.  Finally, the same thing was re-
peated, but with this difference, that the wire was briskly
tapped after the load had been removed before beginning to
magnetise ; the results of this are given in column IIL

* Loe. cit., p. 614.
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load, during the process of unloading. Magnetic susceptibility
may, of course, be thought of as a physical property of
the metal, apart from the existence of any actual magnetisa-
tion. During the loading and unloading of an unmagnetised
piece the susceptibility changes in a manner that involves
hysteresis, just as the magnetism changes when we load and
unload a magnetised piece.

TasLe XXIV.—Magnetisation of Iron under the tnfluence of

previous loads.
Magnetometer readings.
1 o Dom e teed Iv.
magnel Deragnetised
Galvanometer Demagnetised | Withnoload. | ‘w5004
Toradueeto | St porond, | Withoload | (DAL /S Loadedtos kil
H multiply by| Then 0-183 -3. 0-18}-0-8 kilos, and before magnet-
0°0575.) Load =3 kilos. Load=38 kilos. | fapped before ising.
magnetising. =8 kilos.
Load =38 kilos.
0 0 0 0 0
26 22 13 11 10
50 70 14 36 34
75 139 109 103 100
100 198 176 174 168
125 242 - 226 227 219
150 276 265 268 2569
200 328 323 328 320
250 vee 366 369 3656
300 398 398 403 400
350 424 425 429 427
450 461 462 467 466
588 491 494 499 498
0 274 276 277 276

In Table XXIV. four magnetisations of the same iron wire
are exhibited, each under a pulling load of 3 kilos.* In L, the
load had been previously raised to 18} kilos, then reduced to
3 kilos. In II, the condition of load had been reached by ap-
plying 3 kilos, after there had been no load. In III. and IV.
these differences of procedure were repeated, but the wire was
subjected to vibration before the magnetising process began.
It will be seen that between I. and II. there is a marked differ-

* One kilo of load here corresponds to a stress of 2'3 kilos per sq. mm.
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ence, especially in the early portion of the curve; but in IIL
and IV, this difference has practically disappeared, the effects
of hysteresis being destroyed by vibration.

Again, Fig. 113 shows two pairs of curves, two (I. and II)
taken under no load, and two (III. and IV.) taken under a load
of 3 kilos, In I, the wire was demagnetised immediately before
the curve was taken. In IL it was demagnetised, then loaded
with 15 kilos, and then completely unloaded. In IIL it was
loaded with 10 kilos, and unloaded down to 3 kilos. In IV. it
was completely unloaded from 10 kilos, then reloaded up to
3 kilos. Very similar differences in effect have been observed

Ma retism.

Magnetising Force.

F1a. 113.—Residual Effects of Previous Loads.

when annealed iron (not previously hardened by stretching)
has been tested under corresponding varieties of condition in
regard to previous stress.*

The changes in molecular structure which, as these results
show, are going on in iron or steel during the process of ap-
plying and removing stress sometimes result in producing a
small amount of magnetism in a piece which, after being mag-
netised, has been brought into an apparently non-magnetic state
by the application of a reversed force. There are, in such a
case, superposed magnetisations which originally neutralise each

* Loc. cit., p. 618.
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other so far as external effect is concerned, but the balance ia
disturbed through the unequal action of the stress upon them.

§ 135. Other Evidences of Hysteresis in the Effects of
8tress.—These experiments show that the structure of iron
changes, under variation of stress, in a manner that exhibits
hysteresis, that is to say, the changes of structure lag behind
the changes of stress. We may therefore anticipate that we
shall find traces of hysteresis in other physical qualities besides
magnetic susceptibility when we examine the variation of those
qualities under variations of stress.

A remarkable instance is furnished by the thermo-electric
quality of iron. Under variations of pull the thermo-electric
quality of iron varies in a manner which strikingly resembles
those variations of magnetic quality which have been described
in this chapter. This is not a secondary effect, resulting from
changes of magnetism, for it occurs even when care is taken to
keep the iron wholly free from magnetisation during the experi-
ment. Curves drawn to represent the relation of thermo-electric
quality to load show a very remarkable general resemblance to
the curves of Figs. 108-110, which show the relation of magnet-
ism to load. There are also interesting points of difference,
but a discussion of these would be out of place here. The
main point, which was discovered by E. Cohn*, and afterwards,
independently, by the writert, is that there is much hysteresis
of thermo-electric quality with respect to stress—a result, no
doubt, of the irreversible changes of molecular structure to
which allusion has just been made. We shall see later, in
connection with molecular theories of magnetism, how these
irreversible changes probably occur.

Further, but slighter, evidence of the occurrence of irrever-
sible molecular changes during the loading and unloading of an
iron wire is found when we examine the amount of the exten-
sion in relation to the load. Though the amount of load be
restricted so that it lies well within the so-called limit of elasti-
city, it is found that there is no exact proportionality of strain
to stress ; and when a cyclic process of loading is repeated often
enough to make the elongation and retraction become also

* Cohn, Wied. Ann., 1879, VL, p. 385.
+ Proc. Roy. Soc., 1881, XXXIIL,, p. 399 ; Phil. Trans., 1886, p. 361.
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eyclic, it is found that, at any intermediate value of the load,
the wire is longer during unloading than during loading. In
other words, there is hysteresis in the relation of strain to stress.
The amount of this hysteresis is small ; but when means are
taken to magnify the extension sufficiently it may be observed
without difficulty. The amount of difference in length between,
the length at the mean load in loading and the length at the
mean load in unloading, may be 534 of the change of the whole
extension. The effect in question has to be distinguished from
quasi-plastic changes of length, which depend on the time-rate
at which the loads are applied. It has been observed in wires
of copper and brass, as well as iron and steel.* One obvious
consequence of it is that any process of loading and unloading
involves some dissipation of energy.

§136. Effects of Torsion on Magnetic Quality.—The in-
fluence of twisting strain on the magnetic quality of metals
has’engaged the attention of many experimentalists, beginning
with Matteucci,t who, in 1847, examined ballistically the change
of magnetism undergone by an iron rod when it was twisted
back and forth, while a magnetising current was kept up in a
surrounding solenoid. Wertheim, E. Becquerel, and Wiede-
mann followed on the same lines,} and the subject was taken
up by Sir William Thomson in one of the sections of his in-
vestigation of the electro-dynamic qualities of metals.| More
recently a number of other workers have pursued the matter
in great detail. The results of their investigations are much
too complicated to admit of anything like full statement here ;
we must be content with an account of some of the more
conspicuous facts,

The general result of early experiments was to show that when
a rod of soft iron, exposed to longitudinal magnetising force,
was twisted, its magnetism was reduced, by torsion in either
direction. In this effect, as in all effects of stress, we have
to distinguish between the irreversible initial effect of the

* Brit. Assoc. Rep., 1889, p. 502.

+ Comptes Rendus, Vol. XXIV., p. 301.

+ For an abstract of these researches, sce Wiedemann’s Elektricitdit,
Vol. IIL, p. 671, et seq. ; see also Wiedemann, Phil. Mag., 1886.

| Phil. Trans., 1878 ; Reprint of Papers, Vol. IL., p. 374.
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first application (due to molecular instability) and the
effect which becomes manifest when a cycle of strain is
repeated. The initial effect of torsion will depend on the past
history of the piece, but the cyclic effect is, in soft iron, of this
character, that twisting, to either side, reduces the induced
magnetism, and untwisting increases it. But this effect is very
small for small angles of twist. Moreover, as with other effects
-of stress, the changes of magnetism exhibit hysteresis. This
was pointed out by Sir William Thomson, who has given curves
showing the manner in which the magnetism induced in an
iron wire by a constant magnetic field changes as one end of
the iron wire is twisted to and fro while the other end is held

wsyrulingy

Angle of Twist o0
F16. 114.—Effect of Twist on the Magnetism of Iron.

fixed. The typical form into which the curves settle after
repeated twistings is shown in Fig. 114, which is copied from his
Paper. From the form of these curves it is clear that if the
effects of hysteresis were eliminated—as they no doubt might
be, at least in part, by vibrating the wire—we should have a
single curve resembling a parabola with its vertex at the top
of the diagram. Thus in the absence of hysteresis we should
find the influence of torsion in reducing the induced magnetism
to be indefinitely small for small angles of twist, and to increase
initially in proportion to the square of the twist.

§ 137. Effects of Torsion due to Magnetic Aeolotropy.—
Sir William Thomson has, in fact, pointed out that these
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results are to be anticipated from what is known regarding
the effects of simple torsion and simple compression on the
magnetic susceptibility of iron.* Experiments in which
the metal is subjected to longitudinal pull or push and
to transverse pull, have shown that a simple pulling stress
or a simple pushing stress develops an solotropic quality in
respect of magnetic susceptibility, producing (in iron) greater
susceptibility along than across the lines of pull, or less sus-
ceptibility along than across the lines of push, provided the
magnetisation be not so strong as to pass the Villari critical
value. Now in torsional strain, each portion of the twisted rod
experiences a simple shearing stress, which may be regarded as-
made up of a pulling stress in a direction inclined at 45deg. to-

Y
. —

.....
- -

the direction of the length, and an equal pushing stress also
inclined at 45deg. and at right angles to the pulling stress.
Thus, if @ b ¢ & (Fig. 115) is a particle anywhere in the front
half of the rod, which istwisted in the manner shown by the
arrows, the twisting produces a shearing stiess in @ b ¢ d that
is equivalent to a pull on the faces a b and ¢ d, combined with
an equal push on the faces d @ and & ¢. The effect is to in-
crease the magnetic susceptibility along the direction p p and
to reduce it along p’ . For small stresses these effects are
no doubt equal. Hence in the direction of the length of the

* Reprint of Papers, Vol. IL, p. 374.
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rod, which is equally inclined to » p and p p', there is, virtually,
no change of susceptibility.
. The effect of torsion is to give a helical quality to the magne-
tisation, producing a circular component which is superposed
upon the original longitudinal magnetisation. The lines of
magnetisation are no longer coincident in direction with the
lines of magnetic force; they become in the case considered
above right-handed screws. The effect of this on the magni-
tude of the longitudinal component is at first indefinitely small,
but as the angle of torsion increases the growth of the circular
component begins to detract from the longitudinal magnetism,
for magnetisation in one direction is prejudicial to magnetisation
in other directions, as the molecular theory and the phenomenon
of saturation suggest.

This consideration of the magnetic seolotropy produced by
the pull and push into which torsional stress may be resolved
supplies a key to many of the observed facts about magnetism
and torsion. At the same time it fails to explain many of the
facts. The influence of @olotropy is, no doubt, always present
in the phenomena of torsion, but other considerations of a less
obvious kind also enter, and these become in some instances so
influential that the effects of @olotropy are entirely masked.
This is notably the case with nickel. With soft iron, on the
other hand, most of the observed effects of torsion admit of
fairly complete explanation in the lines suggested by Sir
William Thomson, especially when allowance is made for the
complications to be anticipated from hysteresis.

§138. Production of Longitudinal Magnetism by Twisting
a Circularly Magnetisod Wire.—From the foregoing account
of how a circular component of magnetisation is developed by
torsion in a longitudinally magnetised wire or rod, it will be
evident that the converse action should ocour, namely, that
twisting a circularly magnetised rod should make it develop
longitudinal magnetism. This fact was observed in 1858 by
Wiedemann, who found that an iron wire conducting an
electric current, and therefore circularly magnetised, becomes
a magnet when twisted.* Following Thomson, we may ex-

* Elektricitit, Vo, IIL, p, 680
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plain this observation as a consequence of wolotropy by re-
solving the magnetising force, whose direction is O A (Fig. 116),
into components along the lines of pull, Op, and push, O p'.
Taking the case of iron, below the Villari critical point, and
twisted in the manner shown in the diagram, the susceptibility
is greater along the lines of pull, O , than along the lines of
push, O »’. Hence the resultant magnetisation will be less
inclined to Op than to Op'; in other words, it will take
some direction, O R, which gives a longitudinal component of
magnetisation directed towards the bottom of the rod. This
is, in fact, the kind of longitudinal magnetism which is
found.

It might, however, be supposed, in view of the Villari re-
versal, that under sufficiently strong circular magnetisation the
longitudinal component developed by twisting would become
reversed. Experiment shows that this does not happen even
when a very strong current traverses the wire. The explana-
. tion appears to lie in the fact that the stresses of pull or
push due to torsion act not on the whole intensity of circular
magnetisation but on components inclined at 45deg. Hence,
though the circular magnetising force be strong enough to
bring about saturation, the components of magnetisation on
which the pull and push act remain below the Villari critical
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value, 8o that the effect of pull is still to augment and of
push to diminish the components on which the pull and
push act.*

These effects of torsion are found in dealing with residual
magnetism as well as with induced. In Wiedemann’s experi-
ment the same result (namely, the production of longitudinal
magnetism by torsion) is noticed though the wire be not twisted
until the current has ceased to pass. There is then a strong
residual circular magnetism which is affected by torsion, just
as might be anticipated from the fact that the residual mag-
netism of a bar magnetised in the usual way is affected like
induced magnetism by pull and push.

§139. Torsional Strain produced by Oombining Oircular
with Longitudinal Magnetisation.—A similar explanation
applies to another discovery of Wiedemann’s, namely, that if an
iron wire or rod be both circularly and longitudinally magne-
tised, it becomes twisted, though no external mechanical force
be used. The superposition of the two magnetisms turns the
lines of magnetisation into screws, and the consequent expan-
sion along the lines of the screws and contraction across these
lines causes the rod to twist. In iron the effect of mag-
netising (unless the magnetising force be very strong) is to
lengthen the metal in the direction of magnetisation. The
direction which .the twist is observed to take agrees with
this.

In nickel, on the other hand, the effect of magnetising is to
shorten the metal in the direction of the lines of force. The
twist taken by a nickel wire, subjected to superposed longitu-
dinal and circular magnetising forces, is accordingly opposite to
that of iron, as Prof. Knott has shownt by making a current
traverse a nickel wire, which was at the same time exposed to -
the action of a magnetising solenoid.

* This absence of reversal is referred to by Sir William Thomson as a
difficulty ; but the difficulty disappears when it is recognised that the
Villari reversal depends rather on the value I in the direction of pull and
push than on the value of H. Though the components of H along direc-
tions inclined at 46deg. to the axis may be indefinitely increased by in-
creasing the whole magnetising force, the components of | along these lines

remain too small to allow pull to produce reduction of magnetism.
+ Trans. Roy. Soc. Edin., Vol. XXX]I. (1883), p. 193.
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the torsion act, is the component at 45 degrees to the
axis, and this remains below the Villari critical value, even
when the whole magnetism approaches saturation* (see § 138,
ante).

When this longitudinal magnetism is residual instead of in-
duced, torsion still produces transient currents of the same
general character, but the effects are complicated by a pro-
gressive shaking out of the magnetism.}

Using a telephone in place of a ballistic galvanometer, Hughes
has observed the production of transient currents in a twisted
wire, when the current in a surrounding solenoid is rapidly
interrupted or reversed. He has also illustrated the produc-
tion of longitudinal out of circular magnetism in a twisted
wire, by passing an interrupted current through the wire, and
putting a telephone in circuit with a coil wound round the
wire.}

In nickel, the effects of simple pull and push are, as we have
seen, opposite in sign to the effects in iron, provided the magneti-
sation of the iron is not so great as to cause the Villari reversal.
Hence we may expect the transient currents produced by twist-
ing a longitudinally magnetised nickel rod or tube to take the
opposite direction to that which they take in iron. This fact has
been verified by the independent experiments of Zehnder§ and
Nagaoka,|| who found that when a nickel wire is twisted as a
right-handed screw the transient current flows from the south
to the north pole.

§ 141. Bffects of Combined Pull and Torsion on the Mag-
netisation of Iron and Nickel.—The same observers have
recently examined, in much detail, the changes of magnetism
in iron and nickel, which occur when a rod is subjected at the
same time to pull and twist, and Nagaoka has also determined
the curves of magnetisation which are given by nickel wires
when kept in this complicated condition of stress. Many of the

* Proc. Roy. Soc., 1883, p. 129.

+ Loc. cit., p. 126.

¥ Proc. Roy. Soc., Vol. XXXI,

§ Wied. Ann., 1889 Vol. XXXVIIL, p. 68.

Il Jowr, Coll, of Science, Imperial Univ. of Japon, Vol. IIL, 1890,
p. 335.
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The curve taken when the wire was under torsion exhibits
some striking differences from the other. In the first place,
the initial susceptibility (with respect to feeble magnetic forces)
is greatly lowered by torsion. The first part of the magnetising
process is sharply distinguished from the second stage. When
the second stage is reached, the twisted wire has very great
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Fira. 120.—Magnetisation of Nickel: ¢ a, without torsion ; b b, with torsion.

differential susceptibility. Again,the “wendepunct” in it is com-
paratively sharp. Finally, by comparing the curves got during
the removal of magnetising force, we see that the twisted wire
possesses much more retentiveness than the other ; the ratio of
residual to induced magnetism in it has the remarkably high
value of 0'97, whereas in the untwisted wire the ratio of these
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curves to illustrate these effects. The wire, which was the same
specimen of nickel as before, was loaded with 10 kilos., and
the curve ¢ ¢ was taken while there was no twist. Here, as.
the results of § 121 lead us to expect, there is low susceptibility
throughout and exceedingly little retentiveness. Next, a steady
twist of 3° per centimetre was given to the loaded wire. The
curve of magnetisation was then found to take the extraordinary
form shown in d d, with reduced initial susceptibility, which lasts
through a wide range of force,—followed by an abrupt rise of
magnetism in a field of about 12 to 13 C.-G.-S., and then high
retentiveness. We have here a quite exceptionally sharp
definition of the three stages in the magnetising process, and
a singularly striking display of hysteresis. The curves of
Figs. 120 and 121, relating, as they do, to the same specimen,
form one group; they are, moreover, drawn to the same
scale. aa is the normal curve, showing the behaviour of
the metal when there is neither pull nor twist; bb shows
the effect of twist alone; cc shows the effect of pull alone;
finally, d d shows the effect of combining the twist of bb with
the pull of ce. It is interesting to notice that the whole
amount of magnetism which is acquired during the second or
abrupt stage in d d is only about half the amount that is.
acquired during the corresponding stage in b b. '

The effects of twist which these curves exhibit do not seem.
capable of explanation by reference to the development of mag-
netic solotropy in consequence of the pull and push components
of torsional stress. The inadequacy of this explanation will be
even more apparent in the experiments with which the next
paragraph deals.

§ 142. Effects of Cyclic Twisting in Nickel, when associated.
with Longitudinal Pull.—The combination of torsion and pull
has been found by Nagaoka to have an even more extraordinary
effect on the magnetisation of nickel if the torsion be sub-
jected to eyclic reversals, while the pull is maintained constant.
Let a nickel wire be exposed to any moderately weak magnet-
ising force in the direction of its length, and let one end be
twisted to and fro while the other end is held fixed. So long
as there is no longitudinal pull the effects of this alternating:
torsion are comparatively simple. The curve connecting mag-
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it was found that the positive loop of the curve lengthened,
while the negative loop became more insignificant. Finally,
‘the negative loop disappeared, and with a load of 7-82 kilo-
‘grammes per sq. mm., the cyclic process took the form shown
in Fig. 124, where we see the extraordinary phenomenon of &
reversal of magnetic polarity occurring with every reversal of
torsional strain, notwithstanding the fact that the force H of
2-47 units was continuously operative in one fixed direction..
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It is clear that these effects of twist are not consequences
of wolotropy in the twisted material in respect of magnetio
susceptibility. In fact, the inducing magnetic force plays a very
subordinate part in the changes of magnetism which take
place when the wire is twisted to and fro, after a cyclic rdgime
is established. Its function is to set up a magnetic condition
to begin with ; then, as the wire is twisted back and forth, there
is with each twist a profound change in the molecular con-
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figuration, This is the direct result of the twist, and may, as
in the case last described, go so far as to produce reversal of
magnetic polarity.
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When the magnetising field is sufficiently strengthened,
this reversal of polarity does not occur. The inducing force
then asserts itself, and the effects of twist come to be more
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examined the modifying influence of externally imposed tensile
stress on the change of length caused by magnetisation. The
following is a brief summary of the more important of his
results.*

The method of experiment is shown diagrammatically in
Fig. 125, where S is the ring to be tested. The change of length
along the lines of magnetisation was deduced by observing the
change in the diameter of the ring which ocourred when the
magnetising current was applied. The ring S was placed between

4
pﬂé 4
' — 3

E 1
Fra, 125,

a fixed support E, and a long lever B, pivoted on & fixed fulerum at
A. Thelongend of the lever at C tilted a small mirror M hinged
on a fixed support by a knife edge at D. The deflection of
the mirror was read by means of a distant scale, the sensibility
of the arrangement being such that readings could be taken corre-
sponding to about one ten-millionth of the length of the specimen.
The ring was jacketed with wood to exclude, as far as possible,
the heating effect of the magnetising coil, and with the same
object the circuit was never allowed to remain closed for more
than a fraction of a second. A similar arrangement was

* Shelford Bidwell, Proc. Roy. Soc., 1886, Vol. XL. pp. 109 and 257;
Phil, Trans., 1888, p. 206 ; Proc. Roy. Soc., 1890, Vol. XLVIL, p. 468.
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results, however, agree well. The nickel used in the experi-
ment of Fig. 126 shows more retraction than the other. The
amount of retraction under the strongest magnetic force is
about ¢ 35y of the original length.

M ctic H

- "Elongation.
o " -]

-
-

Retraction.
o
=4

{ri]
Fia. 126.—Elongation and Retraction of Iron, Nickel, and Cobalt through
Magnetisation (Bidwell).. The elongations and retractions are stated in

ten-millionths of the length,
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Fie, 127.—Elongation and Retraction of Iron, Nickel, and Cobalt through
strong Magnetisation (Bidwell). The elongations and retractions are
stated in ten-millionths of the length.

§ 144. Modification of the Results by applying Tensile
8tress.—In a later Paper,* Bidwell has described experiments
made with rods of iron, nickel, and cobalt, in which the change.

* Proc, Roy. Soc., 1890, p. 469.
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in this experiment was 226lb. per square inch. In these ex-
periments the values of the magnetisation were not directly
observed. They may, however, be inferred from the values of
the tractive force in a manner which will be explained presently.

Further experiments on the same subject have been made by
Bosanquet,* who used bar magnets, and employed a small in-
duction coil (encircling the bar close to the surface of division)
to determine the value there of B at the instant the two
portions of the bar parted company (Fig. 129). In this case

-

é
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Fio. 129.—Bosanquet’s Arrangement for Measuring Magnetic Traction.

it was possible to compare the actual values of the tractive
force with the values which were to be anticipated from
the known values of B. Bosanquet has made this ocom-
parison, and has found a fair agreement except in the early
stages of the experiment. When B had any value less than
about 5,000 the observed tractive force was greater than the
calculated force. This is possibly to be ascribed in part to fric-
tion in the appliance by which the lower magnet was guided,
and in part to a supplementary attraction between the mag-

* Phil. Mag., 1886, Vol XXIL, p. 536.
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wound in two portions—one on each part of the divided core—
80 that the separation of the core involves the separation of the
two parts of the solenoid. In that case we have to exert
enough additional tractive force to overcome the attraction of
one coil on the other. The amount of this attraction will
depend on the area of the coils. Take the simplest possible
case, that of a solenoid so closely wound upon the core that the
area of the coil may be considered identical with the area of
the core. The two coils, considered alone, then behave like
magnets having poles whose surface density is » C, where n ia
the number of turns per centimetre, and C ig the current. The
attraction between them, per sq. cm., is, therefore, 2= n3C3
Since H is equal to 472 C, this attraction may be written
. We have hore a third term which has to be added to
the other two in the case considered, namely, when the sole-
noid (closely wound on the core) is parted along with the
core. It must be borne in mind that the second term H I
occurs in this case, as well as in the case where the solenoid
remains undivided, and the two parts of the core alone part
company. For in the case of a divided solenoid each
half of the solenoid pulls the opposing half core with a force
which, per unit of area, is 272 Cl, or  HI. There are
two such forces to be overcome, namely, between the lower
core and the upper solenoid, and between the lower solenoid
and the upper core, and the two make up H | as before.

In the case, then, of a divided electro-magnet, in which the
magnetising coil parts along with the core, and in which the
coil has no superfluous area (which would add still further
to the tractive force), the whole force is made up of three

arts—
P orpt+HI+H
8=
This may be written
817r(16wI2+SwHI+H’)

=|1 2_82
gi_(41’:’|+H) =5

This is the expression commonly used in caleulating the
relation of the tractive force at the cut to the magnetism.
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intensity of magnetising force produced by a divided solenoid
with which the halves of the ring were wound.* In reducing
the results he used 2w 12+ H | as the equivalent of the
tractive force. In the actual circumstances of his experiment
the addition of the third term W (makmg SB—ln all) would
have been proper ;t but the eﬁ'ect of this change on the nume-
rical values of B or of | deduced from his experiments is quite
trifling. His magnetic forces ranged up to 585, and produced
at their highest value an amount of attraction from which |
was calculated to be 1,530, B 19,820, and p 33-9.1

More recently Prof. S. P. Thompson has proposed the use of
a simple traction-measuring instrument as a workshop.appli-
ance for determining permeabilities.§ This  permeameter,”
a8 he terms it, is shown in Fig. 130. The specimen to be
tested is a rod which slips through a hole in the top of a sub-
stantial iron yoke, and through a bobbin ‘on which the mag-
netising coil is wound. The lower end of the sample is faced
true, and rests on a part of the yoke which is also scraped to
have a truly plane surface. The force required to detach the
sample from the surface of the yoke is measured by mesns of a-
spring balance. In consideration of the fact that the magnetising

coil is left ¢n situ, Prof. Thompson takes (_B'B'—H)’ as the quan-
T

tity that represents the tractive force, and from this the prac-
tical rules are derived :—

_(B-H)?x s (square centimetres)
Pull in Tbe. 11,185,000 ’

or, B=3344,/ Pullinlbs. .

sin 8¢. cms.

or, B=1317,/ ——_I"ull m Ibs. \H
sin sq.inches

* Proc. Roy. Soc., 1886, Vol. XL.

+ As Mr. Bidwell has himself remarked, Phil. Mag., 1890, XXIX., p. 440.

1 Tocalculate B from the tractive force F we have B= /8« F, F being
expressed in dynes, or

B= /8 7 x 981 x Force in grammes =157 »/Force in grammes.

This formula will serve to determine B from the values of the tractive
force given in Table XXV,

§ Jour, Soc. Arts, Sept. 12, 1890.
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It may be questioned whether the place chosen for the
plane of contact in the *permeameter” is the best possible.
The distribution of induction is rather unequal where the bar
meets the yoke, and better results might be obtained by
making the sample in two pieces with a plane of contact at the
middle. Apart from this, however, no traction method can be
regarded as a very satisfactory means of examining the mag-
netio quality of & metal. The presence of temsile stress itself

balande

clamp

bloek
Iron

Wires
bring the
current

F10. 130.—The Permeameter,

affects the quality which is undergoing measurement, and, as
will be shown later, a divided rod or ring does not behave
magnetically quite like a whole rod, even when the ends are
surfaced as carefully as is practicable, The existence of
a cut lessens the permeability of the piece.* The trac-
tion method is at the best inexact, but it affords a ready
means of making rough measurements, especially for purposes
of comparison.

* Phil. Mayg., Sept., 1888.



CHAPTER X,

THE MAGNETIC CIRCUIT.

§ 149, The Magnetic Oircuit.—For many purposes, the most
convenient way of treating the magnetisation of iron is to con-
sider what is happening at & point within the metal. This is,
in fact, the basis on which our exposition of the subject in
earlier chapters has been developed. We have learnt to con-
-ceive of a magnetic force H acting in a definite direction at
the point considered, and also of & magnetic induction B at the
point. If the material is isotropic, and has no residual mag-
netism superposed upon the magnetism which H induces, the
direction of B is the same as that of H. The ratio of B to H
is the permeability p. Passing from point to point of the
metal, we may in certain cases find that H and B do not
-change ; more generally they do change. Thus, in & uniformly
wound circular ring magnet, of uniform section and material,
H has the same value at all points on any circle co-axial
with the ring. In a long straight bar magnet the value of H
is nearly uniform, except in the neighbourhood of the ends.
‘Whether H be uniform or not, it has a single definite value
and definite direction at each point, and the same is true of B.
At points where there is no magnetisable substance, the value
.and direction of B are the same as the value and direction of H ;
this applies, for instance, to all pointsin air. The value of H at
any point is determined by finding the resultant of the force
produced at that point by (1) all the conducting circuits, and (2)
all the free magnetism in the neighbourhood ; that is, by finding
the resultant mechanical force which would be felt by a unit
pole of free magnetism if placed at the point in question. -
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all space as filled with sheafs of lines of induction, or (which
is the same thing in other words) as partitioned into tubes, the
boundaries of which are formed by lines of induction. Every
such tube contains a number of lines of induction, and if we
follow the tube along its whole length until it returns into
itself we find everywhere the same number of lines of induction
in it.. We may take a large sheaf or a small one to constitute
the tube, but, whatever be the number of lines in it to start
with, the same number is present at every part of its length.
Its cross-section may vary ; the tube may widen or contract from
place to place along its length, but if this happens it is by the
lines spreading out or coming closer ; the number of the lines
does not change. At places where the induction B is strong,
the tube is contracted ; at places where the induction is weak,
the tube is expanded. But if we take any cross-section (s)
of the tube perpendicular to the direction of B, the product
B s (or, to be more exact, the surface-integral fBds taken
over the section, since B is not necessarily the same over all
parts of s¥) is a constant quantity for any ome tube. At
any sections s and &, the values of the induction B and
B’ are such that f/Bds=/B'ds. It is convenient to have
a name for this constant quantity, which is the whole number
of lines of magnetic induction in the tube. Following the
usage of several recent writers we shall call it the magnetic flux
in the tube. _

Any tube of magnetic induction, considered as a whole—
that is tosay, considered as a circuit which returns into itself—
may be called a perfect magnetic circuit. The perfect magnetic
circuit is analogous to a perfectly insulated electric circuit con-
ducting & current. The lines of induction correspond in this
analogy to lines of flow of current. The cross-section of the
conductor may vary from place to place, but the current
density varies in inverse proportion to the cross-section, so
that the product of current density into area of cross-section
—which is simply the whole current—is constant at all sections,
just as the flux Bs is constant in the perfect magnetic circuit.

* The cross-section, over which this integral is calculated, is taken so
that every element of the surface is perpendicular to the lines of B which
cut it. Thus, if the lines of B in the tube are not parallel, the surface
forming the cross-section will be curved.
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2¢C
r
line-integral is taken is interlinked with the circuit only once.
The principle set forth in this paragraph may be stated
thus :—The line-integral of magnetic force along any closed
ourve is equal to 0-4m, or 12666, into the number of ampere-
turns in the coil or coils which are threaded by the curve.

§ 154. Bquation of the Magnetic Circuit.—Returning now
to the case of a perfect magnetic circuit, we have to consider
the connection between the magnetomotive force or line-integral
of magnetic force along the circuit and the magnetic flux.
Suppose the circuit to be divided up into a number of tubes
of induction, in each of which the crosssection is small, so
that B and H may be taken as uniform over any one cross
section of the (small) tube. The relation which we establish
for each small tube may easily be extended to apply to the
whole magnetic circuit, which is built up of such small tubes
placed side by side. Let s be the area of cross-section at any
part of the small tube, and B the magnetic induction there.
The flux in the tube is Bs. If x be the permeability of the

substance, the magnetic force H at the same place is ;i'_; hence,
flux B

."_s. = ; =
Multiply each side by an indefinitely short length of the tube
dl—

x 27y or 47 C. In this case the path along which the

fuxx 2 =HdL
P8

Integrate both sides, remembering that the flux is constant at
all sections ;
dl

flux x _/,Ts=.[H d = magnetomotive force,
when the integration is extended round the whole circuit;
magnetomotive force
hence, flux="—""""74d1
ne
The meaning of the denominator may be most readily seen

if we write p for 1 4nd call p the specific magnetic resistance of
P
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which the direction of the flux is (on account of past mag-
netisation) opposite to the direction of the magnetomotive -
force, which implies a negative value of x and of p.

In most of the cases to which the conception of the magnetic
cirenit may be usefully applied, the effects of previous magneti-
sations are absent or negligible, so that the values of x which
are to be used are the permeabilities which are derived from
the ordinary curve of magnetisation (for the particular material
of the circuit)—that is to say, from the curve which expresses
the relation B to H when H is progressively increased from
zero and the metal is free of magnetism to begin with.

In many instances the circuit may be treated as (very ap-
proximately) made up of a series of portions, in any one of
which g is constant and s is constant. Thus, calling 7, the
length of one of these portions, 4, its permeability, and s, its
cross-sectional area, I, the length of the next, u, its permea-
bility, and s, its sectional area, and so on, we have :

magnetomotive force

l_l + ﬁ_. + ﬁ_ + &e.

P8 P8 Pl

28 many terms being taken in the denominator as are needed
to complete the circuit.

And if the object is to express the value of the induction at
any place in the circuit in terms of the magnetomotive force,
we have only to divide the flux by the area of cross-section -
there. Thus, if it is wished to express B,, the induction in
the first portion of the circuit, where the area of section is s,,

we have

fux -

B _flux_ magnetomotive force ,

==

8 byl ayl by g
P Fe 8 P38

Or, again, if what is wanted be to calculate the number of
ampere turns which are required to produce a stated magnetic
flux in a magnetic circuit made up of a series of portions of
which the lengths, sections, and permeabilities are known, we
may find the magnetomotive force from the formula

magnetomotive force = flux x (ﬁ— L L + &c.),

181 Pl Pyl
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very limited extent; by far the greater number of the lines
through P will complete their circuit within the substance of
the ring, and the flux at Q will be only a very little less than
the flux at P. We may, therefore, in such a case, as a first
approximation, treat the flux in the ring as constant, and apply
the equation of the perfect magnetic circuit, flux = ér—CIN—’“,.'
to find it. This quantity is, in fact, slightly less than the flux
in the part P, because the resistance of the actual magnetic:
circuit is a trifle less than that of the ring, through the:
“‘shunting” of a part of the ring by the surrounding air. On-
the other hand, the flux, as calculated above, is greater than.
the true flux at Q.

The case is analogous to that of a conducting circuit, which
instead of being perfectly insulated is immersed in a poorly
conducting fluid. Imagine a ring of copper with a seat of’
electromotive force at P to be immersed in a liquid, the con-
ductivity of which is only one two-thousandth or one three-
thousandth of the conductivity of copper. The current at Q will'
be only a little less than the current at P; the current which
leaks into the surrounding fluid will be an inconsiderable part
of the whole. We must repeat the proviso that the ring is short;.
in other words, that the surface through which leakage occurs.
is not very great in comparison with the area of cross section.
through which what we may call legitimate conduction occurs.

The advantage of regarding the iron ring as a magnetic circuit,.
nearly, though not quite, perfect, is at once apparent when one-
considers how difficult it would be to determine directly the
magnetic force H at individual points. In the case of a
uniformly wound ring there is no difficulty in determining H,
because the magnetic force is then wholly due to the mag-
netising coil. In the present case H is by no means due to the-
coil only. The coil acting alone would produce a strong
magnetic force at points within and close to it, and would
produce very little magnetic force in more distant portions of’
the ring. But we know that H must actually be pretty nearly
uniform throughout the ring, because the magnetisation is
pretty nearly uniform. What tends to equalise H is the free
magnetism in the ring itself—the free magnetism which exists in-
consequence of the very fact that the flux is not quite uniform.
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47CNp s
I

The effect of removing a short length, & /, of the iron, and sub-

stituting air as the material through which the magnetic circuit

is completed, is to increase the resistance of the circuit as much

a8 it would be increased by the addition of a length of iron

equal to 87 (u—-1).

If there had been no gap, the flux would have been

§ 167. Comparison of a Split-Ring with an Ellipsold.—It is
interesting to compare the case of a ring in which there is &
gap with that of an ellipsoid of finite length.* In the ellip-
soid, as we have already seen (§26), the free magnetism pro-
duces a self-demagnetising force, which is proportional to the
amount of magnetisation, and opposes the action of the mag-
netising coil. If we call H the true magnetising force acting
on the metal, and H’ that part of the magnetising force which
is due to the action of the coil alone, then

H=H-NI|,
where | is the intensity of magnetisation, and N is a numerical
factor, the value of which depends on the relation of the length
of the ellipsoid to its transverse dimensions. We shall see that
a precisely similar formula may be obtained for the ring with a
gap by treating it as a nearly perfect magnetic circuit.

Since the magnetisation of the cut ring is very nearly
uniform, the actual magnetic force in the iron, which is the
resultant of that due to the coil and that due to the free mag-
netism, must also be very nearly uniform. Call this force H,
and call H’' the magnetising force due to the coil alone, which

(on the supposition that the coil is uniformly wound) is 4 r:'}N
B_Flux_ 47CNps _ 4%CN |
Then H= n ps {+ol(u-Lips l+oi(p-1)’
and Hl=47TCN
—

Therefore, H' I=H {{+ 8¢ (r - 1)},
H=H{1+ -1},

=H(1+41rlk8l),

* See a Paper by H. E, J. G. du Bois, Phil. Mag., Vol. XXX., 1890, p. 335,
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indeed, a very narrow crevasse is sufficient almost wholly to
destroy the (otherwise very great) residual magnetism of a soft
iron ring. For example, in a ring of soft annealed iron, which,
when uncut, would retain, after being strongly magnetised, a-
residual induction, B,, of 12,000 units, the presence of a gap:
only half a degree wide will reduce the residual value of the
induction to about 1,000.

§158. Graphic Representation of the Influence of a Narrow
Gap.—The influence of a narrow gap, both in resisting mag-
netisation and in promoting demagnetisation, is best seen by
resorting to the graphic construction which has been already
explained in relation to ellipsoids and long rods (§ 48). Let.
a, a, a (Fig. 132) be curves of magnetisation (curves of | and
H) for the iron of which the ring is composed. Find the

factor N, equal to 4”‘8 l, and draw the line O A, so that

A M (drawn parallel to the axis along which H is measured,
and interpreted on the scale of H) shall be to O M as 4“}8”
isto l. Then the intercepts between O M and O A represent
the values of the self-demagnetising force, due to the corre-
sponding values of |, and if we wish to represent the relation
of the magnetism to the magnetising force produced by the
coil alone (the force which has been called H’ above), we:
have only to draw a diagram in which the lines a, a, a are
sheared into the position b, b, b by taking the abscissas from
O A instead of from O M, or, in other words, by adding 4 ﬂ:l I

to H in every case. Thus, any point P’ in the new curve
is found from the corresponding point P by taking

PR=PR+QR. The residual magnetism, which was O S in

the ring without a gap, is reduced to O S’ in the ring with -
a gap. If the object of the comstruction had merely been

to find the residual magnetism, O §', that could have been
done more readily by drawing O T inclined at the same:
angle as O A, but on the other side of the axis of |, to meet

the descending curve a, and projecting S’ from the point of
intersection of O T with the curve. The same construction

will, of course, serve to find the residual magnetism of ellipsoids,
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or of long rods, which may be treated as approximating to:
ellipsoids.*

In Fig. 132 we have supposed that the magnetisation of the
iron is exhibited by means of a curve of | and H. If, instead
of this, the curve of B and H were given, a similar graphic.
construction would still serve to show the effect of the gap.

Since | = B 4_ H, the self demagnetising force N1=N (B;—H),
. T T

which, in a very permeable substance like iron, is practically
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equal to ':_B, since B is very great compared with H. Sub--
T
stituting for N its value 4"-“, this becomes BT” The

line O A has, therefore, to be drawn, in a diagram of B and H, at

such an inclination that when O M represents B, M A is Bl81
' From the equation H =H’ — N |, by substituting B H for I,

yehave H=H’—T (B-H),

or Hi= HC-380)+B3L

* This construction, for finding the residual msgnetlsm of ellipsoids, is-
given by J. Hopkinson, Phil, Trans., 1885, p. 465,
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H’lis 4w CN; it is the line-integral of the magnetic force taken
round the whole circuit, or, in other words, the magnetomotive
force. H is the magnetic force in the iron, and H (I - 37) is that
part of the line-integral which is taken through metal. B is
-equal to the magnetic force in the gap, and therefore B 8/ is that
part of the line-integral that is taken through air. The equation
might evidently have been written down directly ; it expresses
the simple fact that the line integral for the complete circuit
is made up of two parts, in one of which—namely, the iron,
whose length is /- 8/—the magnetic force has the sensibly
auniform value H, while in the other—namely, the gap whose
ilength is 8/—the magnetic force has the sensibly uniform
value B. We have derived it otherwise, in order to accustom
the student to observe the connection between the treatment
-of the ring as a magnetic circuit and that other treatment
which deals with the magnetic condition at individual pointa.
An the language of the magnetic circuit, H (! — 87) represents
that part of the whole magnetomotive force which is used
in overcoming the magnetic resistance of the iron, and Bél
‘represents the remainder of the magnetomotive force, which is
used in overcoming the resistance of the gap. In soft iron, if
the gap is of any considerable width, its resistance is so great
compared with that of the iron that nearly the whole magneto-
-motive force is used in forcing the induction across the gap. -

§ 1569. Graphic Representation of the Relation of Flux to
Magnetomotive Force.—In dealing with the magnetic circuit
a8 ‘a whole, it is convenient to modify and generalise the
graphic construction exemplified in Fig. 132, by drawing the
abscissas to represent the whole magnetomotive force, and the
-ordinates to represent the whole magnetic flux in the manner
first described by J. and E. Hopkinson.* Such a curve may
-obviously be derived for any part of a magnetic circuit from
‘the curve of induction and magnetic force for the material
‘by multiplying the induction by the area of section s to
find the whole flux, and by multiplying the magnetic force by
the length of the piece to find the magnetomotive force re-
«quired for the magnetisation of that part of the circuit. Then,

* Phil, Trans., 1886, Part L, p. 331,
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Moreover, the construction may be applied with equal
facility to the descending limb of the curve, or to exhibit the
behaviour of the circuit in any cycle of magnetisation. In the
line O R the descending and ascending limbs coincide ; in the
iron part of the circuit the ascending and descending limbs
have to be drawn separately, and the process of summing the
abscissas has to be applied successively to each limb (as in Fig.
132) in order to determine a curve which will show the effects of
hysteresis in the magnetic circuit as a whole, and all the varia-
tions of magnetic flux under cyclic variations of magnetomotive
force.

Again, the method may evidently be extended to magnetic
circuits of a more complicated form, containing, let us say,
successive pieces of different material, of lengths £, /, I, &e.,
and sections s,, s, 8, &¢. We must know, to begin with, the
curve of B and H for each material. From these curves draw
a set of curves in which the ordinates are respectively B s,,
B s;, B s, &c., and the abscissas are H, ¢, Hy 7, H; /;, &c. The
required curve of flux and magnetomotive force for the whole
circuit will be found by compounding these curves ; that is to
88y, by drawing a curve in which, for.a given ordinate, the
abscissa i the sum of the abscissas of the separate curves.
The complete curve exhibiting what happens when the complex
circuit is carried through a cyclic process of magnetisation may
be found in this way, provided the cyclic curves for each of the
materials are determined beforehand.

§ 160. Application to Dynamos,—A principal use of this
method is to determine the magnetomotive force, and conse.
quently the number of ampere-turns, required to produce a
stated magnetisation in a circuit made up of pieces the dimen-
sions and magnetic qualities of which are known. The method
was, in fact, invented by J. and E. Hopkinson as a means of
solving practical problems in the design of a dynamo, where
the magnetic circuit is made up of (1) the cores of the field
magnets, (2) the yoke, (3) the pole pieces, (4) the core of the
armature, and (5) the non-magnetic spaces on either side of the
armature core, between it and the pole pieces. This last is much
the most important item in the resistance of the circuit. The
magnetic circuit of a dynamo is far from perfect, and the
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a nearly perfect magnetic circuit, of which the resistance of
the bar itself is nearly the whole resistance. Let Z, be the-
effective length of the bar, which is somewhat greater than its
clear length within the yoke (since there is a gradual spreading
out of the lines of induction where the bar penetrates the yoke),
and let s, be the cross-section of the bar. Let , be the length

of the return path of the lines through the yoke, and s, the-
oross section of the return path, which is the sum of the oross
sections of the two sides of the yoke. Let N, as usual, be the
number of turns of the magnetising coil, which is wound on the
bar. Then, by the principle of the magnetic circuit,

41r0N=F1uxx($.+_’L).
8 M8

=B L +2 by )
1‘1‘1 a8y
where B, is the magnetic induction within the bar. The
flux, B, s, is the quantity which the ballistic test measures.

The equation may be written

4#0N=5(h+"1'1l,)
" [ B
Now H, the true magnetic force acting on the bar,is —1;.
hence H= ir CJN
L +Hhy
! Ho 8y :

The magnetic resistance of the block therefore virtually adds.
a small piece to the length of the rod—a piece, namely, whose

length is "1 1 lg, and the effect is that the actual magnetlc force:
47CN

is equal to the force due to the magnetxsmg solenoid

minus a& small correction, the amount of which may be written:
thus : '
4=CN _B,s 1

4L He 8 Pty

This correction may be made insignificantly small by using
for the yoke a material of the greatest possible permeability,
and giving it an area of section very many times greater than
that of the bar.*

* See Hopkinson, Phil, Trans., 1885, p. 458,

H=
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placed in simple contact, and when they were pressed close by
externally applied force. The bar was a turned piece of
wrought iron, 0-79 cm. in diameter, and it was tested by
the ballistic method within a yoke which allowed a clear
length of 12-7cms. of the bar to be exposed. Over the whole
of this length a magnetising coil was uniformly wound:
the magnetising forces which will be stated below are the
forces due to this coil. The area of cross-section which the
yoke provided for the return of lines of induction outside
the bar was more than one hundred times greater than the
cross-section of the bar; nearly the whole magnetic resist-
ance of the circuit was, therefore, that of the bar itself, and
of the joint, or joints, in it. The magnetisation of the bar was
tested by observing the transient current induced in a small
secondary coil, wound at the middle of the length, when the
ourrent in the magnetising coil was reversed. Successive obser-
vations were made in this way, with magnetising currents that
were progressively increased, to determine in each case a curve
connecting B in the bar with the magnetising force of the coil.

The bar was first tested without any cut, and then when
cut in the middle into two parts, the ends of which were care-
fully scraped to form true planes before being put into contact.
The truth of the surfaces which formed the joint was tested
by comparison with a Whitworth surface-plate. Notwith-
standing the closeness of contact which this procedure ensured,
the joint was found to offer a very appreciable amount of
resistance, a8 the following figures will show :—

Table XXVL—Influence of a smooth joint ¢n reducingv the
magnetic induction in aw tron bar.

Magnetising Magnetic Induction B.

force due to Bar Bar cut in two pieces with surfaces of
g uncut. the joint faced to be true planes.

4 3,950 3,000

6 6,900 : 5,300

8 9,260 7,400

10 10,900 9,160

15 13,250 12,000

20 14,300 13,600

30 15,200 14,900







276 MAGNETISM IN IRON.

from straight—which implies that the width of the equivalent
air-gap i8 not far from constant throughout the range of values
of B with which the experiment deals. The broken ocurve
does, indeed, incline slightly outwards at the higher values of B,
implying a greater width of equivalent air-gap in the region of
strong magnetisation; but it may be questioned whether this
slight deviation from straightness may not be due to errors of
observation. A very slight error in the value of B in one or
other of the two curves would suffice to account for it ; and in
another precisely similar experiment, made with another bar,
the line showing values of Hy' - H,' actually bends slightly

’
MAGNETISING FORCE DUE TO SOLENOID H .

F16. 134.—Influence of a Smooth Joint on the Magnetic Resistance of an
Iron Bar.

tnwards at high values of B. It appears, then, that the joint is

equivalent, in magnetic resistance, to a narrow gap of air, the

width of which is at least not far from constant. The following

are the widths of this gap calculated for the experiment of
. Table XXVI. and Fig. 134.

‘Width of equivalent air-
B. gap in centimetres,
4,000 tesrcosessecssestsncsrcsnnsrrsne 0-0026
6,000 ...ccceicencricientectenteniennanies 0-0030
8,000 ....ciecereeresenetnnincrnnieninies 0-0031
10,000 ..icciveececetncnnraceniostsecnnne 0-0031
12,000 .....ccconenne cereraasersrssssesaane 0-0035
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a tolerably strong compressive stress almost wholly destroys the
resistance of the joint, and restores the divided bar all but pes-
fectly to the magnetic condition of an uncut bar. This effect
was produced almost completely by a stress the intensity of
* which was 226 kilogrammes per-square centimetre. Under this.
load a curve of B and H’ taken with the cut bar was practically
indistinguishable from the curve taken with the solid bar.
Smaller loads only reduced the resistance of the joint without-
making it disappear, and a progressive reduction of the resist-
ance could be traced as the loads were increased. The follow-
ing table gives the values of B which were observed in an
iron bar, first when solid and then when cut in two parts
with faced ends, under various stresses, the magnetising foroe
due to the solenoid being brought to the same value (5 C.-G.-S.
units) in each case. This magnetising force was applied after
each load had been put on.

Table XXVIL—/Influence of compressive stress in reducing the
magnetic resistance of a joint.

Magnetic Induction B, produced in each case
Stress in kilos. per sq. cm. by a magnetising force in the coil (H’)
of 5 C.-G.-8. units.

Before Cutting. After Cutting.
0 5,600 4,700
b6°6 5,400 4,670
113 4,700 4,200
1696 4,050 3,800
226 3,660 3,650

Here, under the highest stress, the disappearance of the
joint’s resistance was complete for a magnetising force of &
C.-G.-S., but under stronger magnetising forces it was hardly
so perfect.

In connection with these results it may be noted that the

2
magnetic traction (?—), amounting, a8 it does, to less
T,

than 1 kilogramme per sq. cm., when B is 5,000, is insig-
nificant in comparison with the stress produced by external
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incidental evidence of the existence of a reversal of the effect of
compressive stress, corresponding to the “Villari” reversal of the
effect of the tensile stress (see §§ 120, 124-126)—a result to be
anticipated from what we know of the behaviour of iron under
tension, For values of B below 16,000, however, compression

MAGNETISING FORCE DUR TO SOLENOID l-l’- -
F1a. 135.—~Effects of Successive Cuttings on the Magnetic Permeability of
& Wrought Iron Bar,
Noload o v v v vovnvnvesans teess e

increases the resistance of the circuit so long as the bar is
uncut. But when applied to the eight pieces, compression
decidedly reduces the resistance of the circuit, even when the
magnetisation is weak: the dotted curve for the bar cut in
eight lies considerably above the plane curve. In other






CHAPTER XL
+
MOLECULAR THEORY.

§ 166. Molecular Theories: Poisson and Weber..—We know
that when a piece of iron, or other magnetic metal, is mag
netised, the magnetic state permeates the whole piece. A steel
bar magnet may be broken up into small pieces, and every
piece is found to exhibit magnetic polarity. Assuming the
structure to be molecular, it is inferred that each molecule of’
the magnetised bar is a magnet. Taking a row of moleculesin
the direction of the magnetisation, we have the north pole of
one contiguous to the south pole of the next, and so on along
the row—with the result that it is only at the ends of the row
that free poles appear. Imagine the row to be broken into
two or more parts, however, and each segment of it has free
poles at its ends.

The individual molecules of a magnetised bar, then, are
magnets, and the question next arises whether they become
magnets only when the bar is magnetised. Does the process
of magnetising consist, as Poisson suggested, in making each
molecule become a magnet? Or are we to adopt Weber’s view,
according to which the molecules are always magnets, showing
no aggregate polarity in an unmagnetised piece, only because
-their axes point in all directions at random, but turning into line
when a magnetising force is applied? According to Poisson, there
isno need to suppose the molecules capable of moving within the
bar, but we must suppose that magnetic polarity can be induced
in the individual molecules. In other words, the question how
induction happens is only shifted from the bar to the moleculs,
and is brought no nearer to a solution. According to Weber,
on the other hand, the molecules are to be conceived as free, more
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process by which the molecules are supposed to turn hither
and thither under varying magnetising forces, leaves ample
room, a8 we shall presently see, for a satisfactory explanation
of all the features which the curves of magnetisation are known
to present, and the various manifestations of hysteresis become
intelligible. Again, the effects of vibration in augmenting mag-
netic susoeptibility are readily accounted for in consequence of
. the greater freedom which vibration gives the molecules to fall
into line with the magnetising force. Additional evidence is
furnished by experiments such as that of Beetz*, in which the
effects were observed of applying a weak magnetising force to
iron at a time when the molecules were peculiarly free to
respond to its directive action, namely, while they were in the
act of being deposited by the electrolysis of an iron salt. The
iron was deposited along a line made by scribing a longitudinal
scratch on a straight piece of varnished silver wire. The wire
was immersed in the iron salt, and was placed in a magnetic
field in such a manner that the lines of force ran in the direc-
tion of the length. The silver wire formed one pole of an
electrolytic cell, and it was found that the metal deposited
on the scratch was so highly magnetised that the subsequent
application of a much stronger magnetic field failed to aug-
ment its magnetism more than a very little. The molecules
had been ranged at the moment when they escaped from im-
prisonment in the salt, and before they had the opportunity
of forming fresh entanglements by their action on one ano-
ther ; just as criminals are said to be most easily diverted
into regular courses at the moment of their release from
goaol, before they bhave time to resume the ties of their
usual companionship. Not only is Weber’s notion of mole
cular magnets strongly supported by this experiment of
Beetz, but the cumulative evidence in its favour which is
supplied by many facts of more recent observation may be said
to give it almost conclusive proof. We may even build upa
model consisting of small permanent magnets, such as Weber’s
theory postulates, in which all the chief characteristics of mag-
netic induction can be closely imitated. The study of a model
of this kind leaves little room for doubt that the basis of

* Pogg. Ann., CXL., 1860, p. 107,
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at first, and increases with increasing magnetising force. This,
indeed, is an example of hysteresis, and for the phenomens of
hysteresis the theory, in this form, affords no room.

§ 169. Maxwell's Modification of Weber's Hypothesia.—To
remedy this defect Maxwell suggested a further assumption
based on the analogy of magnetisation to mechanical strain,
with the object of admitting conditions under which the position
of equilibrium of the molecular magnets may be permanently
altered. He supposes that when a molecule is deflected by
a magnetising force H it returns completely to its primitive
position on the removal of H provided the deflection has been
less than a certain value, but returns only partially if the
deflection has exceeded that value. In the latter case its axis,
when H is removed, remains turned through an angle which
may be called the permanent set of the molecule. Maxwell has
examined the consequence of this supposition at some length,
assuming the molecules in a given piece to be all capable of the
same or nearly the same amount of elastic deflection, and
assuming a constant or nearly constant controlling force, K, to
act on each in the primitive direction of its axis. This hypothesis
accounts for the existence of residual magnetism, and for some
of the phenomena of hysteresis ; it fails, however, to explain why
hysteresis should be found when, after the first application, a
magnetiging force i8 removed and reapplied, and its postulates
about controlling force and the condition of permanent set are
arbitrary. We shall see presently that by considering the
action of the molecular magnets upon one another conclusions
are reached which really embody Maxwell’s idea of elastic and
non-elastic deflection, though the controlling force and the
amount of elastic deflection are no longer arbitrary and no
longer the same or nearly the same for all the molecules.

§ 170. Hypothesis of Frictional Resistance to the Deflection
of the Molecules,—The suggestion has been made by Wiede-
mann and others that the deflection of Weber’s molecular
magnets is opposed by a species of frictional resistance, which
not only resists the magnetisation, but accounts for residual
magnetism and the effects of hysteresis by tending to hold the
molecules from returning after they have been disturbed. A
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where a stands for half the distance between the centres C and (.
This does not apply when the line of centres is ned.rly paralle}
to H. In the special case when the line of centres has the
same direction as M, but the magnets point- mxtmlly in the
direction opposed to H, there is no stable deflection previous
to the ocourrence of instability. The critical ,point is reached
.in such a pair when

m
H= 8@a-r¥

The general behaviour of a crowd of groups, each oconsisting
"of two magnets, can be readily enough imagined, and still more
readily examined by aid of a model. Until the first of the
groups breaks up, a8 the field is increased, we have nothing
but quasi-elastic defleetion. Then the groups successively reach
the critical point, so that a rapid, though not perfectly sudden,
development of resultant polarity on the part of the crowd
as a whole is observed. Finally, there is a slight further
increase, under the action of stronger fields, as the state corres-
ponding to saturation is approached.

Again, as the field is gradually reduced many of the groups
will return to their initial state. Many others, however, will
assume new forms, namely, with their poles pointing just the
other way from the way they pointed at first, and the effect of
these will be to contribute a resultant residual polarity which
persists when H is reduced to zero. The application and
removal of H will leave a majority of groups pointing, more or
less, towards the direction in which the force was applied,
although at first there was no preponderance in any direo-
tion.

We find, therefore, even in so simple a grouping of magnetic
molecules as this—namely, a grouping in isolated pairs—many
of the features which are presented in the magnetisation of iron.
We find analogues of the first, the second, and to some extent
the third stages, which are observed in curves of | and H, and
we find evidence of hysteresis and residual magnetism. Buta
very much more complete reproduction of the phenomena of
magnetisation becomes possible, as will be shown presently, if
we suppose the molecules to be distributed either continuously
or in groups consisting of a considerable number of members.
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residual magnetism to be noted ; then raised to a slightly
higher value, again withdrawn, and 8o on; so that the values
of | and |, were ascertained, corresponding to successive steps
in the magnetising process. The results will be seen to bear
out what has just been stated, and to furnish strong evidence
in favour of the theory that the constraint of the molecular
magnets is due to their mutual magnetic forces.

Table XXX. gives the results of an experiment* in which
an iron wire, 1-58mm. in diameter, was tested, first in the
annealed state, and then after being hardened by stretching
beyond its elastic limit. Inspection of the figures will show
that the ratio of residual to induced magnetism, which is at
first small in both cases, rises to & maximum. This maximum,

I
600
]
H
Fia. 148,—Induced and Residual Magnetism in Iron, in the soft state and
: hardened by stretching.

in the annealed wire, is so high a8 to imply that the rate of
increment of residual magnetism is then not far short of the
rate of increment of induced magnetism. The ratio afterwards
falls off as the magnetising process passes into its third stage.

Fig. 148 is drawn to exhibit the same results. It shows
well how the residual magnetism approaches its maximum
faster than the induced magnetism does, notably in the
hardened wire.

This mode of representing the results, where | and |, are
given in terms of H, is not, however, well adapted to show

* Loc. cit., § 41, pp. 559-60. x
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what is the saturation limit towards which |, is tending, nor
what is the relative rate of increment of the two at various
stages of the magnetising process. To bring these points out
we may draw a curve showing |, in relation to | (Fig. 149).
We already know the saturation value to which | tends,
namely, about 1,700 C.-G.-S. units (§ 98), and it is not difficult,
by extrapolation of the curve in this new figure, to deduce an
approximate value for the saturation limit of I,

This is done in Fig. 149, where the broken lines form a con-
jectural extension of the curves, beyond the range of the experi-
ment, up to the saturation value of 1,700 for the induced I. It

& o ,/—“
£
g Z/
ém f ﬁmaw$mm-
® 400 : -
Ezoo /// ‘
1 200 400 600 800 10UO 1200 400 1600 1800

Induced Magnetism |
Fia. 149.—Proportion of Residual to Induced Magnetism in Iron.

appears from these that the saturation values of the residual
magnetism in this specimen are approximately 970 when
the metal is annealed, and 430 when it is hardened by
stretching.

An inspection of the curves in Fig. 149 will also show that
after the initial stage is over, in which the residual magnetism
is acquired less rapidly, the proportion which the increment
of |, bears to that of | becomes as nearly as possible constant,
and remains so (in the annealed wire) throughout a large
part of the whole process of magnetisation. From the point
1 =150, or so, up to 800 the curve is practically straight, and
during that part of the process nearly the whole of the mag-
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netism that is acquired goes to form residual magnetism, By
Table XXX. we have '

H | [
1:30 140 86
3:16 764 650
Difference.......ccceerneverees 6_22 566

So that, during this time, $852, or quite 92 per cent. of the magne-
tism that isbeing induced, contributes to the residual magnetism.,
al, becomes
dal
much reduced. In other specimens of annealed iron the value
dl,
dl
This was the case in the experiment of Table XXXI., made
with a piece of annealed iron wire 0'72mm. in diameter.* In this
<case a supplementary experiment was made to determine the

After this the curve bends over rather quickly and

of during the steep stage was even more nearly unity.

Table XXXT.—7Induced and Residual Magnetism in Annealed
Iron Wire, with and without Longitudinal Pull.

Load=0. Load =4 kilos., or 9-76 kilos. per sq. mm,
| 1 L I I, 1
H  |induced. |restanar. | B*° T | H | 1nduced. |restanar | Z*° 1,
0 0 0 — 0 0 0 —
1-08 66 325 049 054 38 21 063
1-62 202 141 0°70 1'08 141 94 0°69
216 460 381 083 162 325 242 0745
270 684 601 0879 2:16 532 419 0788
324 846 767 0907 270 677 543 0802
378 939 860 0916 - 3:24 796 640 0805
432 | 990 920 0921 378 876 705 0805
540 | 1071 994 0-928 437 937 754 0804
643 1109 1024 0923 486 978 787 0805
756 | 1139 1046 0919 551 1022 816 0800
864 | 1157 1063 0-919 6°48 1067 856 0-300
972 | 1168 1074 0-919 8:64 1121 891 0795
108 1178 1032 0918 108 1162 913 0786
136 1196 1095 0916 136 1186 926 0-781
162 1210 1105 0-913 162 1204 933 0775
189 1219 -| 1111 0911 189 1211 939 0776
216 1226 1116 0-910 21'6 1219 942 0773
256 1236 1119 0905 262 1232 946 0768
* Loc. cit., p. 629.
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influence of longitudinal pull on the residual magnetism.
After the test made in the ordinary condition of no load,
a steady load of 4 kilos. or 9-76 kilos. per sq. mm., was applied
(a load well within the elastic limit), and the observations
in the second portion of the Table were made. The pro-
portion of |, to | in each case is shown in Fig. 150, where
the dotted line refers to the experiment in which wire was
in a state of longitudinal tension. The full curve is for no
load, and is conjecturally extended to find the saturation value
of |,, which is higher in this specimen than in the last, namely,
1210. The rate of increment of |, relatively to | during the
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F1a. 150.—Proportion of Residual to Induced Magnetism in Soft Iron
Wire, loaded and without Load.

steep part of the curve is also greater, and the curve is prac-
tically straight throughout a wider range. The following
supplementary Table will bring this out :—

' Differences of I Differencesof I
| r for 100 of I. ! I for 100 of I.
300 232 — 800 722 99
400 328 96 900 822 100
5600 426 98 1,000 921 99
600 524 98 1,100 1,020 99
700 623 99 1,200 1,100 80
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tion to H, have already been given in Figs. 105 and 106
(pp. 201-202) respectively ; but the points to which attention is.
now directed may be better seen by reference to Fig. 151, where
ourves of |, in relation to | are drawn for no load and for two
values of the load. These show that a moderate amount of pull
is very favourable to retentiveness in hardened iron, and greatly
augments the saturation limit towards which |, tends. A
stronger pull, on the other hand, is less favourable, though
.under the greatest pull that was used in these experiments the
wire continued to be more retentive than it was in the unloaded
state. In a similar experiment made with steel wire, the
amount of pull was further increased, and was then found to
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Fi6. 161. —Proportion of Residual to Induced Magnetism in Hard Iron

Wire, loaded and without Load.

8

have an unfavourable effect, that is to say, it reduced the
retentiveness in the upper part of the process below the value
possessed by the unloaded wire.

In Fig. 151 the apparent saturation limit of I, is about 460
when there is no load, and this is raised to 860 by the
presence of a load of 12-2 kilos. per square mm. It is, of
course very possible that a slightly greater or slightly less load
than this would produce a still more favourable effect on
the saturation value of the residual magnetism. When there
is no load the rate of increment of I, with respect to I at the
steepest part of the curve is about 07 ; but the presence of a
suitable amount of load raises that to at least 0-85.
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a sphere, drawn so that the points in which they meet the
spherical surface are equally spaced.

Suppose that a very strong magnetising force H is applied,
80 that saturation is produced, and that the force is removed.
We have to consider how much residual magnetism will be found
when the molecules have returned into lines in which they are
stable, and which are as favourably directed for giving residual
magnetism as the assumed structure of the substance will permit.

Let « be the angle at which any line of molecules is inclined to
the direction of H, before the process of magnetisation begins.
Since the distribution of direction is by assumption uniform,
the number of molecules whose inclinations are less than « will
be to the whole number in the proportion which that part of
a spherical surface cut off by a cone of semi-angle a (with its
vertex at the centre), bears to the whole spherical surface. In
the same way the number of molecules whose inclinations lie
between a, and a, will be proportional to the area of that belt
of the sphere’s surface which is cut off between cones with a,
and a, for semi-angle. Let the whole number of molecular
magnets per unit of volume be n. Then the number whose
inclinations lie between a, and a, will be

nl™
3 gin a d a.
e

Let 0 be the inclination of a molecule after it has been dis-
placed by the application and removal of H. If m is the
moment of a single molecule, it contributes m cos § to the
residual magnetism. The whole amount of residual mag-
netism contributed by those molecules whose original direction
ranged from e, to a,, will therefore be
n
% sinacos 0 da
(ll
And to find the whole residual magnetism we have to extend
the limits of this integration to include all the initial direc-
tions, from a =0 to a =180 deg.
We have next to consider the relation of 6, the inclination
after H has been applied and removed, to the original inclina-
tion a. Our assumption as to the structure makes the per-
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manent deflection of the molecule necessarily either 0, or
90 deg., or 180 deg.

(1) Molecules for which a is less than 45 deg. will suffer no
permanent deflection. This is because the original lines are
more favourably directed than lines at right angles to them.
For these molecules §=a.

(2) Molecules for which a is greater than 45 deg. and less than
135 deg. will be permanently turned through one right angle.
For these molecules § =a — 90 deg., and cos 6 =gin a.

(3) Molecules for which a is greater than 135 deg. will be
permanently turned through two right angles For these
molecules 0 =a — 180 deg.

The whole residual magnetism, therefore, consists of the sum
of three terms, namely ‘

L 3T
mn 4, mn[§
- slnacosada+——/ sinfada
2/, 2Jx

T

. maf .
+5 3rsmaeos(a—180 )da.
e

The first and third terms are of equal value. The integral of

the first term is
mpfele a] =My

The integral of the second term is

mn[ a—sinacosa
2L 2 r

The whole residual magnetlsm is therefore

mn 1, 7,1\ mn
1
- x4+4+2) ( += ) =0-8927 m .

This is the residual magnetism of saturation, and is to be
compared with the induced magnetism of saturation, which is
mn.

Assigning to m n the value 1,700 this calculation shows that
& continuous structure of the kind postulated, cubical in
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arrangement, is competent, on the molecular theory, to have
nearly 1,600 units of residual magnetism, an amount consider-
ably greater than experiments show even the most retentive
iron to be capable of holding. It is clear, therefore, that the
intermolecular magnetic forces are abundantly sufficient to
acoount for residual magnetism, and that the actual structure
of soft iron, and still more that of hard iron, steel, nickel,
and cobalt, is less favourable to retentiveness than is the simple
structure we have been discussing here.

§180. Hysteresis and the Dissipation of Energy.—The

molecular theory shows that hysteresis is to be expected when-
ever the magnetism of iron is caused to alter through anything
more than a very narrow range. It occurs when the molecular
movements are sufficiently great to involve the breaking up of
old ties, and the formation of new ones, on the part of some, at
least, of the molecules. In other words, the necessary and
sufficient condition for hysteresis is that there must be an un-
stable phase in the movement of some of the molecules. The
change of magnetism will then lag behind the exciting cause
of the change, whatever that may be.
. When the change is restricted within very narrow limits
there is no hysteresis, for the molecular movements are then of
the quasi-elastic type, occurring without rupture of the mole-
cular ties. A very weak magnetic force, applied and removed
(whether acting alone or superposed on a steady force), or a very
small change of mechanical strain, will, if it be many times
repeated, cause small changes of magnetism which do not involve
hysteresis, because the molecular magnets are then suffering
deflections with respect to which they are stable. But wken
the action is extended by using larger magnetic forces or larger
variationsof mechanical strain, so that the molecules are deflected
far enough to become unstable, hysteresis comes into play. We
find hysteresis, in fact, manifesting itself in all save the
narrowest cycles of magnetising force, of longitudinal pull, of
torsional strain, and so on.

The dissipation of energy which has been shown to accom-
pany hysteresis in cyclic variations of magnetism is an obvious
outcome of the mechanically irreversible character of these un-
stable molecular movements. When the molecule’s equilibrium
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very strong, 8o that the iron is nearly saturated, every molecule
points steadily in the direction of the magnetising force all the
while, and there is no opportunity for irreversible movements.
This deduction from the molecular theory seems to have been
first pointed out by Mr. Swinburne. The matter is well worth
experimental examination.

§ 181. Dissipation of Energy through Hysteresis in the
Qores of Transformers.—Experiments on the efficiency of
transformers show that each double reversal of magnetism in
the core causes a dissipation of energy, which is, at least, of the
same order of magnitude as the value of fH d| between the
same limits of magnetisation in a slowly performed cycle. It
has, however, been asserted by several observers* that when the
transformer is loaded, that is to say, when the secondary circuit
is closed through a low resistance, the dissipation of energy in
the core is notably reduced, even although the same limits of
magnetisation are maintained. Should this result be estab-
lished it would probably mean that the damping action of the
secondary circuit tended to establish a régime in which the
molecular magnets swing with some approach to unison, crowds
of them keeping step, and so to a great extent giving up energy
to the secondary circuit, instead of wasting it in local eddies
within the iron. But, in fact, the result itself seems to be
more than doubtful. In the experiments from which it was
deduced the loss of energy in the transformer was determined
by measuring the energy taken in and the emergy given out.
Both of these are very large quantities in comparison with their
difference, and hence a small error in the measurement of either
makes a large error in the determination of the loss. The
writer has proposed a direct method of measuring the loss,
which is not open to this source of uncertainty,t and experi-
ments which have been carried out by its means} show

* See a Paper by Prof. Ryan, American Inst. of Elec. Eng., Dec., 1889
(The Electrician, Vol. XXIV., 1889, pp. 239 and 263). Mr. Mordey and
Prof. Ayrton have also made experiments from which they have formed
the same conclusion.

+ See The Electrician, Vol. XXVII., 1891, p. 631.

1 November, 1891. The experiments were made by the author in
conjunction with Miss H. G. Klaassen,
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be found in a Paper by G. G. Gerosa and G. Finzi* in which
experiments are described showing how cycles of reversal of
magnetism become modified when a continuous, or periodically
interrupted, or alternating current is made to traverse the
piece under test, while slow reversal of the field goes on. The
experiments dealt with iron, steel, and nickel wire in their an-
nealed and hard state, A continuous current, traversing the
wire while its longitudinal magnetism was being changed by
applying and varying a longitudinal magnetic force by means
of & surrounding solenoid, was found, as might be expected, to
reduce the susceptibility of iron : the circular magnetisation
maintained by the current in the wire left the molecules
less than their usual freedom to obey the longitudinal force.
When the longitudinal current, instead of being continuous,
was rapidly interrupted without changing its sign, a mole-
cular oscillation was set up which made the iron more
than usually susceptible to weak longitudinal forces ; but
when the field was strengthened the iron was still found
to be less susceptible than when no ocurrent was passing
through it. The mere make and break of the longitudinal
current would, in fact, cause no more than a small variation
of circular magnetisation, and would consequently do little
to agitate the molecules. But when a rapidly alternating
current of moderate strength traversed the wire, the suscep-
tibility to longitudinal magnetisation was notably increased ;
the magnetisation curve was found in that case to lie above
the normal curve everywhere except in the region of strongest
magnetisation. The violent agitation which was brought
about by rapid reversals of circular magnetism destroyed
nearly all trace of hysteresis, and obliterated the usual dis-
tinctions between successive stages in the magnetising process.
An illustration is given in Table XXXII. and Fig. 152,
which relate to an experiment in which a piece of soft iron
wire, 0'84mm. in diameter, was magnetised, first under the
usual conditions (without any longitudinal current), and then
when traversed by a rapidly alternating current of three
amperes. .

* Rendiconti del R. Istituto Lombardo. Vol. XXIV., fasc. x., April,
1891. See also a Paper by Dr. Finzi in The Electrician, April 3, 1891,
p. 672,
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Table XXXII.—Magnetisation of Iron with and without an
alternating longitudinal current.

‘Without current. With current.

H | H 1
1-43 50 0-17 76
224 119 0-82 290
362 367 4-33 803
576 773 12'3 1,178
126 1,162 42 1,637
42 1,500 0 76

0 1121
1400,

!
20 ;
L~ ==
1000 <
b,

800

200 /

o 2 4 6 8 10 12 14 weH

F1a. 152.

In Fig. 152 the curve a is the normal curve, and & is the
curve obtained when the alternating current was in action.
The table shows how little residual magnetism is left in the
second case.

Fig. 153 exhibits in the same way the influence of the alter
nating longitudinal current on a cycle in which the longitudinal
magnetism of another iron wire was reversed. The normal
figure a a collapses, as an effect of the molecular shaking, into
b b, which is very nearly a single curve.

Effects of the same kind were observed in steel and in hard
iron, but the suppression of hysteresis was less complete.
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The single curve by which the relation of | to H may be
represented when hysteresis is done away with by sufficiently
violent agitation of the molecules, may be expressed, with fair
accuracy, by the formula
|- H
1+8H

in which « and B are constants for a given specimen, and

B

is the saturation value of |. This formula, which was pro-

1200
I

600

800

w 8 6 4 2 o0 2 a 6 8 wH
Fia. 153.

posed by Lamont and Frohlich as a general means of ex-
pressing the relation of magnetism to field, is, of course, of
no service so long as hysteresis is operative, since | then depends
not only on the existing value of H but on previous values: it
will not even serve to express the curve of initial magnetisation
in a virgin piece. ~But when hysteresis is eliminated, as in
these experiments, it may be made to fit the curve reasonably
well. Values of the constants a and 8 will be found in the
Paper from which these results are quoted.
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susceptibility by making groups of molecules which were stable
at the lower temperature become unstable at the higher,

This effect of heating cannot occur if the field is strong
enough to have upset most of the molecules before heat is
applied. Hence the curve of Fig. 80 has no sharp apex like
that of Fig. 79.

The case of a fairly strong field is more simple. Heating has
two antagonistic influences. On one hand, the alignment of the
molecular magnets is still being facilitated by the weakening
of their mutual forces. On the other hand, the oscillations
which they acquire have virtually the effect of reducing the
moment of each molecule. Throughout a wide range of tem-
perature the two influences nearly counterbalance one another;
the curve in Fig. 80 or Fig. 81 is nearly level for a great
part of its course; but as the temperature becomes rather high
the prejudicial effect becomes stronger, and the curve bends
down.

At this stage the molecules seem to acquire oscillation very
rapidly, and a plausible conjecture to account for the complete
loss of magnetic quality which ensues when the temperature
rises a little higher, whether the field be weak or strong, is
that the oscillation then becomes so violent as to develop into
rotation.

The establishment of this rotation would account for the
energy which we know to be absorbed during heating, while the
iron passes from the magnetic to the non-magnetic state ; and
the rapid subsidence of this rotation into oscillations of com-
paratively narrow range, during cooling, would in the same -
way account for the energy which the iron then gives out as
it recovers its power of being magnetised (§ 109).

§ 184, Timeliag in Magnetisation.——The phenomena of
magnetic viscosity, described in §§ 88 and 89, have some light
thrown on them by the molecular theory. We saw that when
a weak magnetic force is applied to soft iron, or is raised a
step, the resulting change in the magnetism is not completed
instantly. There is a protracted creeping up of the magnetism,
which goes on long after the magnetic force has become
constant. We saw that the softness of the iron and the thick-
ness of the specimen had a great influence on the extent of this
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coercive force. We may refer back, in illustration of these-
differences, to Fig. 34, § 66, where the curves for a cyclic pro-
cess of reversal are drawn side by side for the same piece of iron
in the annealed and hardened states.

These differences, regarded in connection with the molecular
theory, seem to indicate that mechanical set resolves a struo-
ture which is relatively homogeneous and continuous into one
which may be described as a patchwork of more or less distinct
molecular groups. Hardening the metal by set makes only a
slight change in the density, and it appears probable that it
brings some of the molecules closer together, while the intervals
between others are widened, with the result that groups are
formed in which the intermolecular forces between members of
any one group are stronger than the forces which are exerted
across the wider gaps between members of different neighbour-
ing groups. The “gaps” tend to shear over the curve of | and
H, to round the outlines of the curve,and to reduce the residual
magnetism. The closeness of the members within each group
increases the coercive force. Thus, without any necessary
change in the density of the metal, this modification of the
structure would bring about the alteration in magnetic quality
which is observed, Another consideration lends some support to
this view. In hard metal there is exceedingly little, if any, *time-
lag” in magnetisation. The explanation of *time-lag” suggested
in the last paragraph seems to require that the structure of
annealed iron be continuous throughout platoons of many mole-
cules. Assoon as the platoons are split up into little groups
the action described there cannot be expected to take place.

In connection with this it may be remarked that any inter-
ruption of the continuity of the molecular structure tends in
some measure to shear over the diagram of | and H, and, in par-
ticular, to reduce residual magnetism, by making the conditions
of constraint of molecules at and near the boundary differ from
* those of molecules far from the boundary. It seems probable
that this consideration gives a clue to the ‘magnetic resist-
ance” of joints, described abovein §§162-165. Let the separated
parts of a cut bar be ever so well fitted together, the molecules
at the boundary, and for some little distance from it, are not
subject to the same conditions of constraint as subsist in the
uncut bar.
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§ 186.. Effects of Repetition of Magnetic Processes.—Space

may be found here to refer shortly to one or two of the minor
phenomena of magnetisation, which the molecular theory goes
far to make intelligible.
A oconsequence of the irreversible displacements which the
molecular magnets suffer, together with the fact that the
stability of each molecule depends on the configuration as-
sumed by many molecules in its neighbourhood, is that in
general a magnetising process has to be repeated more than
once before its effects become strictly cyclic. In some cases a
progressive change may be traced even during many repe-
titions of the process.

For instance, let a magnetising force be applied to a piece of
soft iron, the strength of the field being regulated so that it
brings the metal into what we have called the second stage of
the magnetising process, when many of those molecules which
are not already upset are on the verge of being upset. Let the
force then be removed and reapplied. The configuration of the
group during this re-application is by no means the same as it
was during the first application, and accordingly we may expect
that some of the molecules which were just able to stand in the
first instance yield in the second owing to the changes which
have meanwhile taken place in the grouping of their neigh-
bours. The re-application of the magnetising force may there-
fore be expected to produce a somewhat stronger magnetisation
than was produced when the force was first applied. To a less
degree, a third application of the force should make the mag-
netisation rise a little higher still, and so on.

Similarly, the second removal of the force should leave more
residual magnetism than is left after the first removal. But
we may expect that the limits between which the magnetism
changes when the magnetising force is applied and removed
will come to be closer in each repetition of the process; the
molecular ¢accommodation ” which goes on as one after another
of the doubtful molecules is upset has the effect of narrowing
the range through which the magnetism alters in succeeding
cycles.

That these anticipations are in accord with the results of
éxperiment will be seen from the following paragraphs, mainly
extracted from a Paper which was written without reference
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to the light which the molecular theory throws upon the
matter.* )

When a magnetising force is first applied, then removed, and
thenre-applied, whether suddenly orgradually, theresulting value
of | is somewhat higher than that reached by the first application.
A third application gives a somewhat higher value, and so on,
the effects apparently approaching an asympotic limit. This
appears to have been first shown by the experiments of Fromme. {
At each removal of the magnetising force the residual mag-
netism is also left somewhat greater than before. And this
second action (the increase of the residual magnetism) exceeds
the increase of the induced magnetism, with the result that the
changes of magnetism between residual and induced diminish
in range with successive removals and re-applications of the
magnetising force.

The following observations (Table XXXIIL) were made by
the ballistic method on a long piece of soft annealed iron wire.
The readings are given without reduction to absolute measure 3
they relate to a point which falls early in the steep part of the
curve of magnetisation.

Table XXXIII,
Throw of .
Magnotisi ballistic Magnetism.
agnetising current. galvano-
meter. | Induced. | Residual.

First made .......coeveveenennnnnnenn 203 203
broken .....ccoiceiiieinienens -b636 . | 1494
MAE cevenrernrnieinenenrecnnnes +-54-2 2036
broken ......cceceveeenievenans —478 oo 16568
MAAE .eeveeenrrensnracacnnnonns +-48°7 2045 vee
broken ....cccceeeeencenenns e | —46°7 ... 1588
MAAE .evvevenrnrnenererncenannes +46-6 205°4 .o
broken .....cccceiveirecninnene -44-9 160-5-
MAAE .eriererrrnrecterncnncnees +46°1 2066 vee
broken ......cccceeeveeiienene -440 162-6
made ..oioiiiiiiieiiiiineeene. +45-6 2082

After many makes and breaks—
broken —-426
made +43°1
After many more makes and breaks—

broken ...c.ccceveereieecennas .| —-396
made ...ceeeees sesssssececsecse | +39°8

* Phil. Trans., 1885, p. 570, §§ 54-58.
+ Pogg. Ann., Exgbd. vii,, 1875, and Wied. Ann., iv., 1878,






328 MAGNETISM IN IRON.

magnetising force, that successive repetitions of the process give
a gradually diminishing range of magnetic change. This action,
like the one just described, occurs most conspicuously at points
in the early part of the curve of magnetisation. The observa-
tions in Table XXXYV. were made specially to exhibit it, on a
piece of annealed iron wire, 400 diameters long, by the magneto-
metric method.

Table XXXV,
Magnetising current. meter Remarks.
G 0 0
radually raised to ......... +190 4146 .
»  reversed to ......~190 —141 Eerethere s gradual
nonon it TI% Thispartof the ope.
it o +190 4120  Tation is shown in
" sr gy eeene -190 -132 1g. 10%
Here there is an in-
Sudd,?nly noono t}gg tig‘é crease of range due
» +190 +123 to the suddenness of
” AL these reversals. .
Fifty double reversals, then— Bt‘lllt afggr rep eatml;,t
Suddenly reversed to ...... +190 4111 fron cmoush the
...... 2190 -127 often enough the
” »oon | range becomes
| smaller than ever.
And a gradual repe-
Then gradually  ,, ... +190 4108 tition of the cycle
s 5y 9y eeeees -190 -~126 causes still a further

reduction of range.

In the first part of the above operations, during the five
gradual reversals of magnetising force, intermediate readings
were taken, which enabled the curves shown in Fig. 154 to be
drawn. These show at a glance the manner in which the
range of magnetic change diminishes. Sudden reversals,
following on these, cause at first an increase of range, thus
illustrating -the comparative effects of gradual and sudden
change of H, but on being repeated many times they reduce
the range to a lower value than before,

The same piece of wire was next subjected to a magnetising
force about five times greater than the above, and was then
demagnetised by reversals. Experiments similar to the above
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were then made on it, when it was found that the tendency to a
diminution of range with repetition of a cyclic alteration of mag-
netising force had disappeared. The diagram, Fig. 155, shows
the effect of applying, reversing, and re-applying the same mag-
netising force as in the former case, after the wire had been
demagnetised by reversals. It shows that the changes of mag-
netism are now cyclic. The same result was given by other
specimens, which when freshly annealed gave much diminution

Fi1a. 154.—Repetition of Magnetic Cycles in Annealed Iron Wire,

of range, but when demagnetised by reversals after the magne-
tising force had been raised to a high value, were found to have
lost this property. In this respect, then, a wire demagnetised
by reversals differs from the same wire in its primitive annealed
state. It will be seen, too, by comparing figures 154 and 155,
that the unsymmetrical susceptibility with respect to forces of
opposite signs which exists in the annealed wire has given place
toa very perfect symmetry after demagnetisation by reversals.
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Re-annealing the wire restored all the characteristics of the pri-
mitive state.

The following observations (Table XXXVIL), made with
another piece of annealed iron wire at a part of the curve very
sensitive to the actions now spoken of, show well the reduction of
range by reversals, and then the rise of magnetism, induced and

Fia. 165.—Cyclic Process in Annealed Iron Wire previously demagnetised
by reversals.

residual, which is produced bysuccessive removals and re-applica-
tions of H. This last occurs in a very marked way after the
range of magnetio change has been reduced by reversals of H.
The two directions of the current will for brevity be distinguished
as A and B. The changes were sudden, and the magnetism was
determined by the direct magnetometric method. A want of
symmetry is very noticeable here between the positive mag-
netisation due to the current A, which is first applied, and the
subsequent negative magnetisation due to theequal and opposite
current B.
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Table XXXVI,

. Magneto-
Magnetising Current. meter Remarks,
deflection.

Made A +232

. =110 )
+180
-101
+172 | { Diminution of range
-100 by reversala,

- 95
+158

Made B

J\

Rise of magnetism (in-
L duced and residual)
by mﬂxccesslve re-
d re-appli-
Twenty makes and breaks, then—- mo an PP
BrOKe Avvroereesresoeesoeesenens | +205 | | tioDS of H.
Made A......cccceeevenes errereenes +209 |
Then reversals again— )
Made E .......................... veen ; }gg The d;’.)minution of
............. sesersennsseanaes " range by reversals is
Forty x;ew::rsals then: . 4163 again conspicuous.
) RN -105 |)
Broke and remade B ..o...ooooroees -136
Ditto twenty times......... cveerenes | =175

" The magnetisation of steel exhibits, even more than that of
iron, reduction of range with successive reversals of H, and
want of symmetry between the values of | induced by suc-
cessively applied + and - values of H. Fig. 156 shows the
changes of magnetism which were undergone by an annealed
steel wire when a magnetising force of 15 C.-G.-S. units was
applied, removed, re-applied, reversed, and again reversed twice.
The want of symmetry between the positive and negative
values of the magnetism is very marked in this example : the
steel acquires a strong magnetic set towards the side of the
first magnetisation.

§ 187. Effects of Elastic Strain.—In an earlier chapter
(§§ 120—142) an account has been given of experiments made
to investigate the effects of stress on the magnetic quality of
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iron and the other magnetic metals. Without attempting any
full disoussion of these results from the point of view which
the molecular theory affords, we may refer to one or two general
features where a molecular explanation seems comparatively
easy. . .

That stress should produce an- influence on magnetic quality
is a probable result of the strain to which the stress gives rise.
The effect of a simple longitudinal stress is, as we have seen,
to make the metal, originally isotropic in its magnetic quality,

Fia. 156.—Repetition of Magnetic Cycles in Annealed Steel.

become seolotropic, and it may be conjectured that this happens
through differences becoming established in the pitch of the
molecular magnets, in lines respectively along and across the
direction of the stress, whereby old lines of molecules break
up and new lines are formed. A uniform dilation or a uniform
compression (with equal intensities of stress in all directions)
wight be expected to have a much less considerable influence
on magnetic quality than a simple stress has. Experiments
on the effects of such stresses are wanting; it may be antici
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the effect that is produced by the first application of a stress,
and the effect that is produced when the same stress is
applied after it has been previously applied and removed
many times. After what has been said above in §127, a brief

Magnetism.

180

160 :
(o] 1 2

Load in kilos,

Fia. 157.— Effects of
Loading a Soft Iron Wire
in a Weak Magnetic Field.

reference to this matter will suffice.
Provided the magnetising force is not
very strong, the first application of
load, when the piece hangs in a steady
magnetic field, upsets molecules which
were nearly upset before the load was
applied. Removal of the load does
not make these molecules recover the
position from which the application
of the load disturbed them. Thus
successive loadings and unloadings,
especially in a weak field, serve, as it
were, to shake in the magnetism; and,
if residual magnetism is dealt with,
the field having been removed, suc-
cessive loadings and unloadings serve
to shake it out. Examples of this
have already been given in Figs. 108
and 109, where the effects of a first.
loading and unloading are readily
distinguishable from those that oc-
cur after a cyclic régime has be-
come established by repetition of the
cycle of loads. Fig. 119, exhibit-
ing certain effects of successively ap-
plied twists to alternate sides, is also
an instance in point. When we load
a wire in a strong field we find, as the
theory would lead us to expect, that
the cyclic régime is quickly attained ;
a second loading is enough to show
that the initial disturbing influence

of the stress is exhausted. In weak fields, the loading has to
be repeated many times before that is the case, and the first
disturbance is sometimes immensely greater than the alter-
ation of magnetism that accompanies each application and
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which is adjusted so that it may annul the deflection which
the first coil by itself would produce. A group of magnets
examined in this way, when carried through a cycle of con-
figuration by applying and reversing the directive force of the
coil, gives what we may call curves of magnetisation, in which

Fia. 159.—Cyelic Proccss applied to a Group of Twenty-four Pivoted
Magnets.

all the main characteristics of the ordinary curves for iron
appear, though, of course, the limited number of magnets
which it is practicable to use in such an experiment makes the
steps of the process more jerky than they are when we have
to deal with the multitudes of molecules in a piece of solid
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The molecular channels must be supposed to offer no resist-
ance as conductors, otherwise the primitive currents would
require energy to be expended in maintaining them.

When a field is applied it tends to turn the molecular cir-
ouits, and it also induces supplementary currents in them.
These induced currents are superposed on the primitive cur-
rents ; their strength depends on the inclination of the circuit
to the field ; and their general effect is to reduce the primitive
ourrents. Whether they will do so to any considerable extent.
depends on the area and the self-induction of the molecular
oircuits, and on the primitive strength of the currents in
them.* Thus if the primitive currents are strong and the
other conditions favourable, very little reduction of the
primitive strength takes place through this induction of
ourrent by the applied field. In that case the molecular
circuits are nearly equivalent to strictly permanent magnets,
and merely turn in response to the field, without suffering
any material loss of intensity. Probably this represents
what occurs when iron or any of the other strongly magnetic
metals is magnetised.

‘When the primitive molecular currents are weak the induction
of opposing currents by the application of a magnetic field may
modify the resultant strength very greatly ; and in particular,
when there are no primitive currents at all, but only conduct-
ing molecules ready to have currents induced in them, the
application of the field will induce currents which give to the
piece a polarity of the kind opposite to that which it acquires in
ordinary maguetisation. By recognising the existence of these
. induced currents Weber thus extended Ampire’s theory of
molecular conducting circuits to account for diamagnetism.

But even when there are strong primitive currents, as we
must suppose there are in the molecules of iron, the induction
of opposing currents, in consequence of applying a magnetic
field, will go on to some extent, and there is a stage at which
its influence may be appreciable. This is when the piece is
saturated—when all the molecular circuits are turned into
planes perpendicular to the direction of the field. In that
position they are as favourably placed as possible for the

* Sce Maxwell’s “ Electricity and Magnetism,” Vol. II., chap. xxi1.
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induction in them of currents opposed to the primitive cur-
rents. When the field is further strengthened, the resultant
-current in each molecular channel is reduced, and as the
-channels are already all perpendicular to the field, the only effect
-of increasing the field is to reduce the magnetisation of the piece
by reducing the strength of each molecule. The Ampére-Weber
‘theory, therefore, leads us to conceive of the magnetism of
iron as tending to pass a limiting value when saturation is
reached, after which a stronger magnetising force should
.actually weaken the magnetism. The results of experiments
with very strong fields neither confirm this nor contradict it.
They show that when the condition of saturation has been
-approached the field may be strengthened ten-fold or more
without any material change in the magnetisation, either in
‘the way of addition or loss. But the conditions under which
:such experiments are carried out make very accurate measure-
ment impracticable, and a small reduction of the magnetism
might pass undetected. It is probable enough that stronger
fields still must be used to discover it, for the reduction which
is to be expected as a consequence of induced currents in the
molecular channels is slight at the most, and in the approach
to saturation, which is long drawn out, the continued deflection
of the molecules tends to counterbalance any effect that may
be produced by a small loss of moment on the part of each.







INDEX.

PAGE.

Zolotropy (Magnetic) due to Stress .- .e .. 221, 232
Air-Gap equivalent to a Joint, calculation of the thickness of 275, 281
» in & Ring, Magnetic Resistance of . .o .o 263

»» Graphic representation of the influence of .. . .. 266
Ampére’s Hypothesis regarding Magnetic Molecules .. . 339 -
Annealing, Influence of, on the Magnetic Quality of Iron and Steel 83
Axis, Magnetioc .. . . . . . . 2
Ayrton (W. E.) : Experiments on Transformers . . . 816
Ballistic Galvanometer .. . . . .o . . 09

» » Calibration of .. . .. 60, 62, 63

" ' Damping of .. . . . .. 63

” Method .. . .. .. .. .. .. 386,59

» »» Example of .. . . .e . . 70

»» Tests of Rings and Rods .. .. . . . 64
Bar and Yoke .. . .. .. .e .. 67
w3 consniered as & Ma.gnetlc Cn'cult . .o .o 271

Barrett (W. F.) : Discovery of Recalescence .. . . .. 161
»»  on Strains Caused by Magnetisation . .. . 237
Baur, Effects of Temperature .. .. e . 160, 163
,» Experiments with weak Magnetic Fotces . . .. 118,119
Becquerel (E.), on Effects of Torsion .. .. .e . 219
Beetz : Experiment bearing on Molecular Theory . 284
Bidwell (8.) : Change of dimensions due to Magnetisation 212 237, 240
” Ezxperiments on Tractive Force . . . 243, 247

. with strong Magnetlc Forces.. . 132

Bosanquet Experiments with Iron and Steel Rings. . . .. 132
»” » on Tractive Force . .e . 244

’ Magnetomotive Force .e .o .. 253

Capshck J. W.) e . .. . . 339
Cast Iron, Curve of Magnetlsa.hon of O -



344 INDEX.

PAGE.

Chree : Influence of Pressure on the Magnetlc Qua.htles of Cobalt 11, 92
Chrome Steel . . . . . . 83
Circuit, Magnetio .. . .. .. .. .. . 250
» Equation of .. .. .. . .. 256

Olreular Magnetism produced by Twmt .. . . 226
Classification of Methods in Magnetio Measutementé .. .. 386
Cobalt, Curves of Permeability e .. .. .e . 92

y» Effects of Stress in . .. . . .e .. 210
y» Experiments with .. .e .e .. .e .. 88,147
Coefficients of Leakage .. .. .. .. .. .. .. 271
Coercive Force. . . .. . .. 52,77
Cohn (E.): Hysteresm in Effects of Stress .. .. .. .. 218
Compensating Coil .. .. .. .. .. .. 42, 48, 57

. Magnet, use of .. .. .. e . .. 56
Compression Apparatus . . . 191
’ Influence of, on the Ma,gnetlc Resmtance of Joints .. 277
Compressive Stress, Effects of, in Nickel . .. .. .. 190
Concentration of Magnetic Field by Cones .. . .. 139
Conduction, electric analogy of induced Magnetism to .. .. 22,9762

Cowan (G. C;): Experiments on Effects of Stress in Nickel, . .. 187
Creeping, Magnetic .. .. . . . .. 122
Critical Temperature .. .. . .. . .. 160

' ,, change of Physical State at .. .. 161

’ Temperatures in Nickel Iron Alloys .. . .e .. 180
Curves of Magnetisation .. S .. 52
’ v for Soft and Ha.rd Iron o e .. 81

»  Permeability and Susceptibility.. .. .. .. 88
Cyclic Process in a Group of Pivoted Magnets .. .. .. 388
»  » _ Repetitions of e e e e 325

” »» - of Magnetisation | . .. .. T

” " Heatmg Eﬁect of . .. 102

’ Rég1me, Estnbhshment of .. ve . .. 825, 334

,»» Stress, Effects of, in Nickel . e .. .. .. 194
o » » Iron .. .. . . .. 204
Demagnetlsmg by Reversals. . .. .. .. . . 46
Diamagnetic Substances . .. .. .o .. 16
Differential Susceptibility and Permes.bllxty .. .. .. 56
Directing Force on Magnetometer, Measurement of .. .e .. 47

Dlsslpa.txon of Energv through Magnetic Hysteresis .. 99 814,316
Dubois : Critical Temperature of Nickel .. .. . .. 172
-y Experiments with Ellipsoids . .. .. Ve 157

" ” » Magnetite .. . .. . .. 156
' », . Strong Magnetic Forces .. .. 182, 152
,» on Split-Ring Magnets . .. .. e . .. 264
Dynamos, Magnetic Circuit in .. . .. . .. 270
Earth Coil, Use of, in Ballistic Method .. . .. .. 60
Earth’s Field, Elimination of .. .. R, .. 46

Elasticity of Metals, Imperfect .. ~ .. .. .. .. .. 219



345

INDEX.
PAGE.
Ellipsoid, Magnetisation of . . . . o e 23
. Self-Demagnetising Force in . os . 34, 267
Ellipsoids, Experiments with (Dubois) .. . . . 1567
Endlessness, Condition of . . . . . .. 35
Ends of a Rod, Influence of.. . . . . . 21
Energy D1sslpated in Magnetlsahon .. I A .. . 99
Faraday . . . .. . ee " .. 15, k54
Field, Ma.gnetlc e . . .. . .. 8
» ’ due to a Solenoxd .o .e . . 6
s Uniform .. . . . . .o . .. 6
Finzi (G.) .. .. . .. e .. . . 818
Flux, Magnetic .. . .. . .. .. .. 251
Force, Magnetic . .. . . . . ..8,11,12
» . Lire Integral of . . .o 253
Form of Bodies, Influence of . .. .. e es 28
Free Magnetism .. e .. . 2
» of an Ellxpsoui . . .. . 26
Frohhch’s Formula . . . .. . 320

Fromme (C.) .. .o .. .. .. . .. .. 132, 326

Gerosa (G. G.) .. .. .. oo .. . .

Glazebrook (R. T.) .. 839
Gore: Change of Length in Iron and Steel at Cnhcal Tempemture 161
Graded Cyclic Magnetisation of Iron .. .. . . 106
. ” » Steel .. .. . 108
Graph.lo Process of allowing for the Self-Demagnetising Force .. b4
" " ,» treating Air-Gaps . .. .. . 266
» Treatment of the Ma‘.gnetxo ‘Cireuit Tee T e .. 268
Gray (A)) .. . . . .. . 47
Hadfield’s Ma.nga.nese Steel . .. .. .. .. 85
. ',, in Strong Flelds .. .. . 147
Haubner (J.) . . . 132
Honig: Experiments on Hea.tmg Eﬁeot of Ma,gnetxc Reversals 111
Heat Generated in a Cyclic Procéss of Magnetisation . .o 102
Hoopes (A.) : Experiments on the Molecular’ Theory . . 339
Hopkinson (J.) .. .. . e . . ..54, 99
» Experiments on Effects of Tempera.ture .. .. 160, 164
. » » Nickel-Itén Alloys . .. 180
» " with Various Steels .. . .85 88, 104, 147
' Heat Liberated in"Recalescence . .. 162
. Method of Bar'and Yoke .. . 67 69, 79, 272
On Residual Magnetism in Elllpsoxds .. .. 267
Hopkmson (J. and E.) on the Magnetic Circuit .. .. .. 251, 268
Hughes (D. E.) on Effects of Twist .. .. .. I 1]
Hysteresis . . .. .. e .. L .. 98,228
’ Dissipation of Energy' through .. .. 99, 107, 814

,»  in Recalescence. . . . 178 -
» in relation to the Moleculnr Theory . . .. 814

” in the Effects of Stress ~ o . ..

318

207



346 INDEX.

PAGE.
Hysteresis in Transformer Cores .. . .. . .. 816
” Reduection of, by Vibration .e .e .. 113, 210,317

”» in the Molecular Configuration of Unmagnetised Iron
2183, 215, 218, 335
Imperfect Magnetic Circuit . . . . .. 261,252
Induction, Magnetic .. o . . . . . 12
»” Tubes of .. .. .. . . .. 251
InshbihtyotMoleouhrGroups . . .. . .. 289,293
Intensity of Magnetisation .. . . . . . 7

Limit of .. .. .. .. 52
IntemalStressDnetoMsgnehsahon . . .. .. 243
Iron, Curves of Busceptibility of .. . e . . 90

,» KEffects of Stress in .e .e .e .o .. 197
”» Tmtof,bythsl(agnetometncl{ethod .o . 49

» (Wrought) Curves of Magnetisation of 53, 73, 75, 76 78, 81, 90, 95,
96, 106, 114, 157, 165, 173, 198, 201, 217
Isthmus Method .. . . . . .e . .. 132
» » Apparatus for .e .o .o .. 150
» » Experiments with .. . .. 138, 137, 144, 150
» Theoryof .. .. e s . . 139
Jmnh.ulgnetchemshneeol.. . . . 278, 277, 279
Joule: Experiments on Tractive Force .. . . .o 243
» on Strain Caused by Magnetisation .. . . .. 237
Kapp (G.) on the Magnetic Circuit of Dynamos .. .. . 251
» Dissipation of Energy through Hysteresis .. . .. 107
» Bxperiments with Strong Magnetic Forces . .. 132, 150
Kerr's Constant .. . . . . 133
» meveryoiM»sneto—Opthohhm . . 152
Klaassen (Miss H. G.): ExpenmentsontheDnmpﬁonofEmrgy
in Transformer Cores .o -e . .. . .. 316
_ Knott (C. G.) .. . e . 56
» » onEﬁec&oiSuperpoeedll@ehms . .. 224
Kohlrausch (W.).. .. . . . . . . 161
Lamont-Frihlich Formula . . . . .e .. 320
Leakage, Co-Rfficients of .. . . 271
Length, Influence of, mthellagn&shmofkodl . .. . T
Line-Integral of Magunetic Force .. . .e . .. 253, 254

» 1 Magnetic Induction .- e ae . .. 13,13
» »n Magnetisation.. .e .. .. .e .o .o 9
Long Bod, Magnetisation of .. . . 30
InmemnghtImmdaShmgHaMcl’m . .. 136
Low (W.) : Experiments on Cobalt .. . .. 92,211
» » nthShmghhgmheFm . 132, 150

» Magnetic Resistance of Joints. . . . . 3
Magnetic Eolotropy Produced by Stress . . . .. 221
» Amlog-of to Electrie Conduetion .. . . 2

» . . . . . . . . 3



INDEX.

Magnetic Circuiv e o oo . . .

y» Graphic Treatment of . .
Field . . .e .. . .
s Uniform .. .. . .. .
Flux .. .. . .o .. . .
Force .. . . . .e
»”» InneIntegra.lof . . .. .
Hysteresis . .o .o . .
Induction .. . .
» Calculation of, from Balhstm Tests
Lines of .. .. . . .. .
Permeability .. . .o .o .
Poles . . . . .e .
Resistance . . .o .o .
9 of Joints . . .
’ s  Effects of Compresslon on
Saturation . . . . .
Susceptibility .o . . .. ..
Traction .. .. .. .
Viscosity .. . .

Magnetxsatxon, Curves of .. .. ..

Cyeclic, Process of .. . .
Effects of Stresson .. o

» s Temperature on . ..
Energy dissipated in .. .. ..

Examples of Calculation of . .

Intensity of .e .-

X

.o

Lines of .e .. .. .. ..

of a Long Rod ..
of an Ellipsoid
Time Lagin ..
Uniform ..

Magnetmmg Process, Three Stages of
Magnetism, Free .. .. .

”

Residual ..

Magnetite (Du Bois), Expenments thh ..

Magnetometer, Mirror .
Magnetometric Method .

»  BExample of

Magneto-motlve Force . . ..
Magneto-optic Rotation (Kerr) .. ..
Manganese Steel, Hadfield’s ..

Matteucci :

On Effects of Stress .

Mazxwell : Line-Integral of Magnetic Force

”

”

Modification of Weber’s Molecular Theory
On Tension along Lines of Force .. .o

Mayer (A.) : On Strains caused by Magnetisation

Mechanical Hardness, Influence of on the Magnetic Qualities of Iron _80

.. 2538, 256

347

PAGE.

.. 250, 256
.. 268

. 8
e 8

. 251
3,11,12

.. 253, 264
. 93

. 12
66

. 5

14, 15, 16, 17
2

.. 256
.. 278, 279
. 277

23
122-128

. 8,23, 27
288, 297
2, 26

32, 52
156

.. 41
85, 87, 49
49

.. 152
. 85
185, 219

. 253

286
247
237



348

INDEX.

PAGE,

Methods in Magnetic Measurements, Classification of .. .. 86

Mirror Magnetometer. . J. . . 41

Model illustrating the Molecular Theory . . .. 336

Molecular Accommodation . .. . 129

. Agitation, Reduection of Hystéresm by .. .. 817

Molecular Configuration,”Hysteresis in .. . .. 8356

. Groups, Study of .. . .e 289, 295

. Magnets Constrained by their M’utual Forces . 287

» Theory, Contributions to .. .. .. .. .. 287

» »  Experimental Study of.. .. 336

. ,»  in Relation to the Effects of Temperature .. 321

» ,»  in relation to the Effects of Vibfation .o 317

» ,,  in relation to Hysteresm .. . .. .. 3814

. »  Poisson’s .. e 282

’ Weber’s .. .. .. 130, 282, 285

Moment of a Magnet 3
Mordey (W. M.): Expenments on Dlsmpatlon of Energy in Dynamo

Armatures .. .. . . .. 315

Experiments on Tmnsformers 316

Nagaoka on Effects of Twist ..

Newall (H. F.):

’”

"

Steel

"

Effect of Cutting a Bar

228, 229, 232
.. .. 273

Experiment Showing Hysteresis in Recalescence 178
Nlckel Critical Temperature of
Curves of Permeability of
Effects of Stress in..

’ Temperature in
Experiments with ..
Nagoaka’s Experiments with ..
Rowland’s Experiments with

.o .e

Double Condition of

One-Pole. Method .. .. .
Optical Method (Dubois)
Osmond : Experiments on Recalescence
Paramagnetic Substances ..
Perfect Magnetic Circuit ..

Permeability Curves of Nickel under Compression

”

”

”

"

Differential ..
Magnetic ..

under Small Ma.gnetw Forces

» Strong ’

Permeameter .. .
Pianoforte Steel Wire, Tests of
Poisson’s Molecular Theory ..
Polarised State . ..

Pole, Strength of a° .. ..

Poles, Magnetic . .
Pull, Effects of .. .. .

..

.

.

83 -

. . 170, 172
) 91
.. 186 190, 194
.. 169
.. 86,147
228, 232
.. .. 88
. .. .. 8
.. .. 179
. .. .. 40
.. .. 152
. .. 162,179
. .. 16
.. .. 251
.. .. 194
.. .. B6
. .. 13,16
. .. .. 118
131, 136, 146, 149
.. .. 248
. .. .. 282
.. .. -9
. .. .. 3,8
. .. 2
.. 186



INDEX. 349

PAGH,
Rayleigh (Lord) oo .. . . . . 54
» » Energy of Magnetxsatwn .. . e 99

» » Experiments with Weak Magnetic Forces 118, 120, 122
Recalescence (Barrett) .. . . . . . .. 161
s Osmond’s Experiments ee L ee . .. 179, 162
Recalescence Hysteresisin .. . . . . .. 178
Repetition of Magnetic Processes .. .e . . . 825
Resjdual Effects of Stress .. . . . . .. 218

»  Magnetism .. .. . .e . . 32,52
”» . Experiments on .. . . . .. 864
” . Graphic Process of Determmmg . . 266
2 ” in Iron .e .e .e . T4
” ' Proportion of to Induced . .. 806, 308, 310

» Reduced by Vibration .. . . .o 112
Besxstanoe, Magnetio. . . .. .. . . . 256
s of Joints .. .e . . . 278, 377

Betentlveness .. . .. 82,341
" and Residual Ma,gnetlsm explmned by referenoe to
the Molecular Theory .o . . 302, 311

Reversals, Method of Demagnetising by .. . .o . 46
Rheostat, Liquid. . . . .. .e . . . 44

Ring Magnet .. . . . . 8, 18, 259
» » w1tha.nA.u'Gap .o . . . . .. 263
Rings, Forms of .e . . .o . .e .e 67
»  Magnetic Forces in . .. . . . 66
»  Tests of, by the Ballistic Method . . . . 64
Rowland’s Curves of Permeability and Susceptibility . - 88

» Experiments . .e .. .52, 59, 60, 68, 78, 88, 90
s on Effects on Temperature .o . 163

Ba.turstlon, Magnetic .. . . 149, 52
» in Belatmn to Moleculm' Theory oo . 283

Self Demagnetlsmg Force . . 14, 88
» Graphic Process of a.llowmg for .. 54

Solenmd led duetoa .. . .e .e . . . [
Specific Magnetic Resistance . . . . 256

Speed, Influence of, on Magnetic Hysteresu o e . .« 108
Sphere, Uniformly Magnetised .. . . . .o 27
Split-Ring Magnet . ' .o .o . . . 263
Stages of the Magnetising Process .. . . . . 288
Steel, Curves of Magnetisation of . . .. 84, 109, 168, 169

s Magnetic Qualities off. . . . . . . 82

5s Permanent Magnetic Set in . .. . . .. 881
8teels, Non-Magnetic . . . . .. 85
s  Various, under Strong Magnetw Forces . . .. 146
Stoletow’s Curve of Magnetisation .. . . . . 83
» Experiments on Susceptibility .. . . 62, 59
Strain caused by Magnetisation .. .o 237

(Elastic), Effects of, in relation to the Molecular '.l'heory .. 831



350 INDEX.

PAGE.
Strain (Permanent), Effects of .. . . . .. 823
Strength of a Pole .. . .. . .. .. 88
Stress, Effects of . .e .. .e 185 237, 832

»» Internal, due to Magnehsatlon . . .. .. . 242
Strong Fields, Effects of .. .. . .e . .e 130
Susceptibility, Differential . . . . . .. 56

» Magnetic . . .e . 18
s Increase of by Vlbratlon . . .. 112
Swedlsh ‘Wrought Iron, under Strong Magnetic Forces . .. 135,144
Swinburne (J.) . . .. 316
‘Tanakadate : Expenments with Bods ot Va.nous Lengths . 79
» on Heating due to Hysteresis .. .. 111

Thait : Cha.nge of Thermoelectric Qushty of Iron at Critical
. Temperature .. . . . . . 161
Temper, Effects of in Steel . . .. .. 88

Temperature, Effects of in the Magnetlsmg Process . .. 160,321
1 Varying .. .o .. . .. 174

Tenslon along Lines of Force.. .. .e .. . .. 247
s Effects of ve .e .e .e . .. 186
Thermo-Electric Quality, Hysteresm in .. .. . . 218
Thompson (8. P.): on Tractive Force .. . .. .. .. 245

»» Permeameter .. . .. . .. 248

Thomson (J. J.) : Effect of Cutting a Bar ., . . .. 273
,» on the Effects of Stress.. e . 212

Thomson (Sir W.) . . .. 15 16, 41, 59, 62
. Investxga.hon of Eﬁects of Stress 210, 186, 219, 220, 224

Time Lag in the Magnetisation of Iron.. . .. 56, 322
. . Experxments on . .. 122,128

Tomlmson (H.): on Molecula.r Accommodation . . .. 129
" on Effects of Stress in Nickel .. .. . 190
Torsion, Effects of .e .. .. .. . .. 219
Tractive Porce in Divided Magnets . . 243
w s  Measurement of Magnetisation by Mea.ns of .. 247
Transformers, Heating of the Cores in .. . . .. 103
Transient Currents produced by Twist . 225
Trouton (F. T.) :-Experiment showing Hysteresxs in Recalescence 178
Tubes of Magnetic Induction. . .e . . . ve 251
Tungsten Steel .. . .. .e .e .e .e .. 83
Uniform Magnetic Fleld e . . . .. .. 6
,»  Magnetisation .. . . . .. .. 8,28, 27
Unit Quantity of Magnetism ve . . .. .. 3
Vibration, Effects of .. .. . .. 111, 817
Vickers* Tool Steel under Strong Ma.gnetw Forces .. .. 145
Villari : Reversal of Effects of Stress .. . . 185, 212, 224
Viscosity, Magnetic .. . . .. .. .. 121
‘Waltenhofen, Von : Experiments of .. .e 74, 327

‘Warburg (E.) <- Dissipation of Energy in Magnetxsatlon . .. 99,111
Weak Fields, Effects of .. .. . . .. .. 118



INDEX. 351

: PAGE.

. Weber’s Theory of Diamagnetism .. .. .. . .o 340
»  Theory of Molecular Magnets .. . . 130, 282, 285
Wertheim on Effects of Torsion .. . .e . . 219
Wiedemann : on Effects of Stress .. . . . .. 186
, . Torsion . . . .. 219, 222

1 Hypothesis of Molecular Friction . . .. 286

' Torsional Strain produced by Superposed Magnetisms 224

Yoke for the Ballistic Tests of Bars .e . .o . 68
5» Wwith Two Bars . . . . . .o o 70
Zehnder on Effects of Twist. . . .. .. . .. 228




Printed and Published by
¢ THE ELEOTRICIAN " PRINTING AND PUBLISHING 00., LIMITED,
1 2, and 8, Salisbury Court, Fleet Street,
London, E.C.

A



4
|



















