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INTRCDUCTION .

Although a vast amount of scientific
investigation has been done, and a great deal has been
written on the subject of perrianent negnets, it re-
mains one upon which very little practical, useful in-
formation exists. The reason for this is the fact that
no laws have yet been discovered, fixing any relstion
between the qualities of the permanent msgnet, and the
~character of the nmeterisls and the conditions of
manufacture, upon which the mgnetic qualities of the

magnet depend.

Any one who has the meens for forming, hsrden-
ing, end magnetizing a piece of steel, can make a
permanent megnet of some sort, but to menufacture
permanent megnets of uniform high magnetic quality, re-
quires something of the scientist, the chemist and the .
metallurgist, together with the requisite specisl equip-

ment and an orgaenizetion experienced in this class of work.

The writers will endéavor to cowpile the best
data available from the more prominent scientists, chemists,
and metallurgists of the day, and in sddition do some
research work on the production of magnets under different

heat treatments of the steel.




THEORY O I'AGHITISM.

It was early suggested thst magnetization is
a molecular phenormenon. 7The fact thset a magnet mesy be
broken into an slmost unlimited number of pieces, each
of which remains a regnet with a north and south pole
of its own, points very strongly in this direction.
This view is also confirmed by the fact that a tube of
iron filings, when pleced slong the poles of a strong
magnet becomes megnetized, and when removed remsins

magnetized, until by shaking or jarring it is deriagnetized.

llore convincing still is the fact that & long
wire of soft iron may be strongly magnetized and by a

8light Jjar lose nearly all of its magnetism.

lost striking of all, however, is the fact that
a piece of iron when raised to red heat loces its megnetic
quality. (rProof of the above statements can be found in

any Gen. rhysics).

All of these facts lead us to think that
magnetization is not a property of the surface of a body
or of the body as a whole, but of its inermost structure.
The evidence is indeed overwhelming iﬁ fgvor of the view

that magnetism is a molecular or atomic phenomenon.

The second step was made by V/. E. Weber, who
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explained ferromagnetism by asswuming thet the nolecules
of iron are themselves small permanent regnets, arranged

in no particular order, as indicated by Fig. below.

If these molecular mgnets vere perfectly free
to turn, it is clear that any magnetic force acting upon
them would be sufficient to bring them ell into line and
thus produce at once the maxirum intensity of meagnetization.
In order to avoid this, Veber imagined each molecule in its
original direction. The effect of this restrsining force
is represented in the Fig. below. The negnetic field does
not bring all the tiny megnets into perfect psrrallelism,
but merely brings them more or less into line, as there

shown .

-
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The third step is to develop this theory so as to
enable one to include in his explanation the facts of
paramnagnetism and diamagnetism. This extension of the
theory we owe to Rowlend, J. J. Thomson, and lLagevin. A
brief outline of this theory is es follows: It is well

known thet a small circular electric current behsves like
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a small magnet. In 1876, 2rofessor Rowland showed by a
Justly celebrated and difficult experiment that & re-
volving electric charge produces the same ragnetic
effects as an electric current. 1In 1897, J. J. Thomson
demonstrated the existence of sriell electric charges,
having & mass about 1/1700 that of s hydrogen atom.

These srmall charges are negative in si/m snd can be
obtained from s great variety of sources. They ere celled
electrons. 7The present view (1915) of sn atom is that it
is built up, in pert st least, of & nume¢r of electrons
in rapid rotation about & central nucleus of positive
electrification. Xach of these electrons moving in its
orbit is equivalent to & minute regnet. This view is
supported by strong experimental evidence, such &s that

0f the Teecman effect.

Assuming an atomic structure of this kind,
P. Langevin in France has pointed out the possibility that
these electronic orbits, in any one atom, nrsy be oriented

in a great variety of ways.

In the case of diamagnetic substances, these
orbits are supposed to be distributed in stch a s;ymnetrical
way that they produce no magnetic field outside of the atom,
the dismagnetic atom has no regnetic moment of its own. If,
however, this diamagnetic substance be placed in & msgnetic

field, lines of megnetic force will be thrust thru aay of
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these orbits which asre not exactly parallel to the field,
and as one looks slong the lines of force, those electrons
which are revolving in a clockwise sense will be acceler-
ated, those revolving in & counter-clockwise sense will
be retarded; so that, in either event, the masgnetic
moment of the stom will be increased in & sense opposite
to that of the field. In other words, sn stom with a
perfectly symmetrical distribution of electronic orbits

when placed in & msgnetic fleld behaves as a disrnagnetic

substance.

In the case of a paramegnetic substance, it is
supposed that the orbits of the electrons are distributed
in such & way that they do not exactly cancel the effects,
on one another; that is, these ators have a msgnetic
moment of their owvn, and being little regnets will fall
into alignment, more or less, when scted upon by an
external field. The turning of these tiny megnets will
of course, always be in such a sense as to bring the S pole
of the atom to face the N pole of the field-producing magnet.
Atome which are symmetric will therefore behave in a
paramegnetic way. But superposed upon this effect will be
the diamegnetic effect discussed in the prececding parsgraph.
In most cases however, these diamagnetic effects ere smgll
in comparison with the effect of rotating the orbits. What

sort of resistence these orbits offer to rotation is entirely

unknown.
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In the case 0of ferromegnetic substances, the
experinentel fects of Ewing's model lead one to think
that there are rutusl actions between the atoune or
molecules. iWhen an external field ie &spplied to a
ferromagnetic substance, the natural groupings of the
molecules are changed; these elementary ragnets fall into
new nositions of equilibrum, one after another and we have

the effects knovn as permanent regnetism, etc. The key

then to ferromagneticsm is the attraction snd repulsion of

one molecular magnet upon the other.

By going one step farther and essuming that dia-
magnetism is an atomic phenonenon while paramnagnetism is
a molecular property, one my explain an important fact
discovered by P. Curie, namely, that the susceptibility
of paramagnets varies inversely &s the absolute temper-
ature. C(Cn the other hend X. T. Comton end E. A. Trouesdale
offer experimental evidence, obtained by X-ray photography,
for thinking that paramagnetism is not a molecular, but an

atomic, phenomenon.
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THE IIPCRTANCI O QUALITY.

In the majority of cases, the purpose for which
perrnianent magnets asre used is such trhet the quslity,
accuracy, efficiency, or usefulness of the rLeckines or
instruments of which they form a psrt, depend directly
upon the megnetic qualities of the perranent megnets used.
In electricsl measuring and recording instrurents, the
maintenance of accuracy denends absolutely upon the
retentivity of the regnets. In the case of r.agnetos,
efficiency and successful operation sre both determined by

the quality of the megnets.

The qualities of the permsnent megnet, that is,
cheracteristics which determine its quslity as & magnet, re-
main uncrhanged indefinitely. They are 8 charascteristic of
the particular piece of steel, in its particular state,

Just as its hardness, tensile strength or elastic limit.

A great many people confuse state of magnetization with
magnetic quality, whereas they mean totally different things..
Denmagnetizing a msgnet chanpges its state of megnetization,

but does not alter its quality; a finished piece hecs, be-
fore it is negnetized, the qurelities which deternine how

good a nagnet it will be vhen regnetized. The quality of

a fmmagnet can be affected only by scre trestment which vwill

at the same time affect its physical charscteristics, f.z2h

as by heeting or ennegling.






THE IMICRTAIICE CF UNII'CRIITY.

The desigm of a rechine or instrument in which
vermanent megnets sre used, is, of course, based uron
some known or assunmed qualities of the nagnets to be used,
and good design requires thet the megnet, in its design,
be adented to the use to be nede of 1t, and the conditions
under which it is to orerste. \hen this hes been done, it
is necessary thst the regnets be uniform in quality, other-
wise trhe finished produect will very in quality, eccuracy

or efficiency by the ssame gniount that the nsgnets do.

This uniformity of negnetic quelity is esnecially
important where two or more neenets are scting in parallel
on the sane magnetic circuit, because s0 plecing regnets
of unequal strength and retentiviiy has an effect similar
to that obtained by placing batteries or generators of
different voltage in parallel. The ssare staterent holds
true for megnets mede up of two or more lesves, snd in
the design and menufacture of compound megnets, it is a
matter of importance to see that the severasl portions are
s0 related and of such uniformity thet they will operate

properly together.

For the sane reason, it follows that raximum
magnetic quelity in a megnet of considersble cross-section,

can only be obtained by the use of steel of en analysis,
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and a treatment, which will insure uniform quality
throughout the cross-section of the megnet. It is this
feature which limits the cross-section which can be
successfully used, and mekes necesssry the use of steel
of different chemicel content, subjected to correspond-
ingly different treatrent, if the best results are to be

obtained in the megnets of different cross-section.
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THE QUALITIES COF PIRIMINENT MAGNETS.

Generally speaxing, there are two things which
are a measure of the quality of & permanent megnet. They
are:

l. The residual induction or residual magnetic flux.

2. The retentivity or coercive force.

VWVhen materisls have been riagnetized and the
ragnetizing field is reduced to zero, a certain percentage
of the initisl induction, B, is retained. This is called
residuval induction and is designated by the symbol B,
Different substances retain msgne tism with verying degrees
of avidity or strength. The strength of field necessary to
reduce B, to zero, that 1s, to dermgnetize the materisl, is

called the coercive field ard is deeignsted by Hcoer. or Hc‘

While these two qualities or charascteristics are
gsomevhat related, in so far as the conditions which affect
them sre concerned, the existence of meximum residual in-
duction does not necessarily imply that the retentivity is
& maximum residual induction does not necessarily imply
that the retentivity is a maximum, or vice versa. The
best permanent magnet is the one in which both these
qualities are at the meximum. It requires long experience
in the selection of steel and the utmost skill in the

treatment of it to produce permanent rmgnets which are
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uniform in both residual induction end retentivity.

Almost g8l]1 kinds of steel which can be tempered
will retain & portion of their initiel megnetism if
ragnetized. There are, however, very few kinds of steel
which rexe relatively good permanent magnets, snd the
quality of the megnets mede from any kind of steel depends
upon & great meny things. They are:

l. Chemical content.

2. Conditions under whicn the billets sare mmde.

3. Annealing.

4. Rolling conditions.

b. Furnace conditions and treatment during the forming
or forging of the megnets.

6. Conditions under which finel heat treatment is done.

7. The mechanical operastions performed after finel heat
treatment.

8. The process of maturing.
9. kethod of magnetizing.

From this, it is easily seen that from the tinme
the steel is melted until the megnet is finished, there ere
cond it ions and processes which materielly affect the final
quality of the magnet. The matter is still further
complicated by the fact thet the effect of one condition
or process on the quality of the megnet mey depend upon

one or more of the other varisble conditions.
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FFor example, the result obtained from different
heat treatments may derend somewhat upon thg chemicsal
eanalysis. The fact thset a change in one may slter the
effect of & change in arnother condition, necessitates
the keeping of continuous records of sll the conditions,
in order to so0 control them &8s to produce & rroduct of

meximum quality end uniformity.

In Fig. "1" are the megnetization curves of
three kinds of iron; these curves show the relation be-
tween the megnetizing force, or the magnetic fields in
the eir suwrrounding the iron, and the corresponding
magnetic density in the iron itself when scted upon by
the field in the air. These curves show the relative
ease with which these msterisls are megnetized, but have

nothing to do with their ability to retain msgnet ism.

They sre important nevertheless, because &
rermanent magnet is required to drive its megnetic flux
throughout its own length, as well as thru the msgnetic
circuit upon which it 1is operating. It follows therefore
thet any condition in manufacture which incresses the
magnetic resistance or reluctance of & megnet without a
corresponding increase in the retentivity 1s detrimental

to 1its quality.

In Fig. "2" are shown the hysteresis curves of

the same three pieces of iron. These curves are obtained
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by megnetizing the iron to a known maximum magne tic density,
represented by the point"A"on the curve. The megnetizing
force is then gradially rediced, the rnagnetic density

falling slong the curve as indicated by the grrow.

4t the point "B" where the curve crocsses the
line of zero regnetizing force, the distance 0-B re-
presents the strenath of pernenent megnetism. If, now,
the mgrnetizing force be reversed in direction and spplied
80 a8 to reduce the residusl magnetism, the magnetic
density will contirve to decrease until it becounes zero,

where the curve crosses the horizontsl sxis st "C".

The deregmetizing force represented by the velue
0-C is thet force necessary to belance the megnetizing
force of the negnet itself; it is the messure of the
difficulty of magnetizing the msgnet, or of the power with
which the nmegnet holds its magnetisme. Tnis quality is
known as the retentivity or coercive force. The verticsl
distance 0~B is therefore the neaswre of residuval megnetism,
or residusl induction, end denotes the strength of the rLegnet
in so far as its magnetic flux is concerned, wheress the
distance C-C represents the tenascity with which the megnet

holds its magnetism.

Both of these quelities sre of extreme importsnce,
and it cannot be said that one is more irmportent then the

other. High magnetic strength is of 11t tle vslue if that
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strength is not mede stable by high retentivity.
either can a megnet be said to be of high cuality

if its retentivity be high and its strength low.
Referring to rig. "2", it will be noted thet the re-
tentivity of hardened cast iron is approximately 75%
of thet of hardened tungsten steel, while the resicual
density of cast iron 1is only about 30% of that of a

tungsten magnet.

It should be born in mind, however, that toth
the mgnetic strength and the retentivity of eany
finished regnet depend upon the varying conditions of
manufacture which we heve named above. Even with
material of the sanre analysis, it is possible to maXe
magnets of the same magnetic strength, but varying .
widely in retentivity. It is also possible by vsrying
the conditions to rake from the saue steel magnets of
the same retentivity, but varying widely in residual
magnetism. In fact, it is quite difficult, using the
same material, to keep from reking megnets which vary

in one or the other quelity.

In rig. "2" tkhe curves showvn are the result of
carrying the nagnetization and the demegnetization thru
a complete cycle, but one-fourth of this cycle is sll
that is required in order to determine the qualities of

the mmgnet, as shown in Fig. "3". Asttention is cslled
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to the fact that in the foregoing curves the msgnetic
density if expressed in the flux or ragnetic lines
per unit area, and the coercive force or the
retentivity 1is given per wnit of length,; it follows
therefore, that the total nsgnetic strength of a
magnet having given residual flux per unit esrea is
proportional to its cross-sectional area, and the
ability of & megnet of given retentivity to hold its
magnetism is proportional to its length; thet 1is, the

length of the var from which it is mede.
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THE EFrZCT OF AN AIR GAP BETWEZIN POLES.

In making tests such &#s are indicated in the
results plotted in Iig. "2" and Fig. "3", the nagnet
under test constitutes the entire msgnetic circuit.
The curves give the result which would be obtzined
if the megnet were & closed ring with no eir gap be-
tween the poles. In other words, they rerresent the
quality of steel as a magnet, end thet slong. The
useful flux of a permanent megnet opersting across
an air gap is always less then the flux which the
magnet would give with no gap between its poles, or
when magnetically "short-circuited". OCn sccount of
the very high reluctance or megnetic resistance of sir
the residusl magnetism of a magnet of a given length
is lessened as the air peth between the poles is in-
creased, and right here comes a very important con-
sideration in the design of apparstus embcdying the

use of perraenent mgnets.

Referring to Pig. "3", it will be noted that as
the demagnetizing force is increased from O, the residusl
megnetism reduces very slowly at first, and that as the
demagnetizing force is increased the magnetism fells
more and more rapidly intil finally it comes down along
an almost vertical line. This indicates that for

moderate dernagnetizing forces the permenent magnetism
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is very stable, but that if the demagnetizing ection
be carried beyond a certain value the flux becomes un-
stable and the magnet will not recover its strength
when the deragnetizing force 1is removed.

Since the introduction of an air gap between
the poles of a permsnent regnet has the effect of
partially demsgnetizing it, end the extent of deusgnet-
ization depends upon the relestive length of the megnet
and the air gep, it is importent thst the ration of
length of regnet to length of eir gap be such that
the magnet vill not be demagnetized by the air gap
to the point where msgnetizaetion becomes unstable. In
some types of epparatus the permanent magnets used are
required to operate in opposition to a coil of wire
carrying an electric current, as in the case of a
magneto, the demagne tizing effect of which is sdded to
that caﬁsed by the air gap, and in designing epparatus
of this charscter it is importsnt to tske into sccount

the effects of both the sir gap and the coil.

If the magnetization in a permanent magnet be
once reduced to the point where it becomes unstsble, the
magnet will not recover, so thst it is important to besar
in mind that the characteristics of the magnet and the
magnetic circuit on which it operstes muist be such that
the maximum reduction of flux under any condition of

operation must not be to &8 point vhere the flux becomes
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unstavole.

Since the retentivity of a magnet is the nessure
of its stability in opposition to demagnetizing effects,
the reader will readily see thet this quelity is of
equal, 1if not greater importance, than the regnetic
strength. It is poseible, by the proper selection of
steel and the use of a hest treatrent correcponding
to the cheracteristics of the steel, to produce msgnets
of uniformly high retentivity without sacrificing
uwwgnet strength. It is &lco poscible by using a heat
treatment adapted to the character of the steel to
obtain maximum strength without sescrificing its re-

tentivity.

It is essentisl, for the best results, that the nsg-
net be selected or designed for the megnetic circuit on
which it is to opperate, and for any negnetic circuit
considered there is a cross-section and length of
permanent remgnet which will give the maximum flux, with
the requisite stability, using a minirmum amoung of

magnet steel.
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AGING OR 1aTURILG OF LAGLTETS.

In some classes of apvaratus, rarticulsrly
electrical indicsting, integrasting snd recording
instruments, the rsintenance of the initisl cali-
bration and accuracy of the instruments, requires
that the megnets be brought to as stable & magnetic

condition es poscible before the instrurnent ic cali-

brated. This is called sging or maturing of the ragnets.

Bringing & regnet into & condition where its flux will

be stable requires two things, viz:

l. A physicel treatuent of the steel after quench-
ing, which makes further changes in its
structure, rnolecular condition or ragnetic
quality improbeable.

2. A magnetic trestment of the regnet after regnetiz-
ation, which will meske changes in its state of
megnetization, under the conditions of ordinsry

oreration improbabls.

Vrten a megnet ic hardened it, of course, under-
goes very rapid structural changes, end for a time after
quenching there is & change in donditions tsking place,
quite rapidly at first and gradually decreasing unt il
the physical properties become stsble. This stability
of structural state of the steel can be hastened by

physical trestment, which process is celled sging or
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raturing. Cbviously the trestment applied must be
such &8s to only age the steel without impasiring its

rLagnetic qualities.

As hes been already stated, it is pcscible after
magnetizing a magnet to bring it to a state of rnegretiz-
ation, in which the total or useful flux will not be
greatly altered by such denagnetizing action es that to
which the magnet will be subjected in use, provided, of
course, it is properly designed for the mmgnetic
circuit on which it is used. It should be clearly
understood thst this treatient Goes not gslter the
retentivity of the regnet, but simply changes the magnetic
state in such & menncr that the ratio of chenge in
flux to magnetizing or demagnetizing effects is re-
duced at that part of the msgnetic cycle represented

by the state of residual regnetization.

In Iig. "3" we have given a curve showing the
relation between residual density end regnetizing sand
deragnetizing forces, from the point of reximim ragnetia-
ation to complete demagnetization, when the change from
one state to snother is gradual end uninterrupted. It
will be noted that upon the application of a demasgnetiz-
ing force, the residusl induction begins to drop end as
the force is incressed the reduction becomes more rapid,

until a point is reached where the curve is almost
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parellel to the flux ordinate.,

This rmeens that with 8 msgnet in this state of
ragnetization the flux of the magnet will very slong
this curve when the nagnet is subjected to eny exterior
magnetizing or demagnetizing force, such a&s the asction
of a coil on stray fields, etc. 1In order to rske the
value of the residual flux &s steble as possible, it is
recegsary to have the curve &s nearly parallel a&s

possible. to the horizontel axis.

In Mg. "5" is shcwn the curve of & nisgnet teken
es it is put through this stabilizing procecss. The
arrows indicate the direction of msgnetization or de-
magnetization. after the mcgnet has been fully magnetiz-
ed, a demagnetizing force is spplied which removes a por-
tion of the flux. It is next subjected t0 a megnetizing
force, and then to a demagnetizing effect, which hss the
effect of bringing the curve more nesrly paraellel to the
base line, although the residusl induction is somewhat
feduced. It is obvious that this trestrent should be
epplied after the regnetic circuit on which the nagnet

is to operate has been completely assenbled.
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KATERIALS OF MANUFACTURE.

Permanent magnets can be made of cast iron, of
steel carrying from .3 to 1l.5% of carbon, or of alloy
steel contalning carbon, together with tungsten,
nolybdermm, chromium or vanadium. Cast iron rmegnets
are used principally in galvonometers and similer
apparatus, where weight is not objectionsble and

efficiency is not a matter of importsnce.
CARBCI STEEL LIAGU3EDS.

For some classes of work, where snsce snd weiéht
are not of importance, ragnets msde of & good grade of
onen hearth caroon steel are used. By a careful selection
of such steel with reference to its carvon, manganese,
sulphur and phosphorus content, it is possible by proper
heat treatment to produce magnets hsving a flux or
magnetic strength of ebout 75% that of tungsten or
chromium steel magnets of the same cross-section, and a
retentivity of sbout 70% of that of the better grades of

steels Jjust named.
TUNGSTZN STEIL.

Por many yesrs prior to the outbresk of thne
Zuropean war the slloy steel most commonly, in fact

almost universally used in the msnufacture of hich grede
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prermanent magnets, was one containing principally cer-
bon, tungsten and chromium, and in which the percent-
age of manganese, sulnhur and phosphorus were kept to
the lowest practical limits. ©Such sn elloy, if
prorerly made in the steel mill and intelligently
processed in the magnct-rglking plsnt, will produce
megnets of high strength and vermsnence. Due to the
very high cost and the inability to obtain tungsten
gteel during the war, it was necessary to develop other

alloys for use in the manufacture of permasnent msgnets.
CHCORIULI STiiL.

By the use of chronium slloys, produced under
correct conditions and trested according to processes
particulsrly adapted to them, nLusmets ere being produced
wnich, from the standpoint of both strength and retentiv-
ity, are the equal to the tungsten product. It is &
fact that the chromium alloys do not permit of as wide
a range in the menufacturing end the heat treating
conditions a8 the tungsten steel, but with proper ernd
uniform conditions the product shows greater uniform-
ity than wes the case with the tungsten alloy. That
is, the average results with ehromium steel alloys sre
in every way equal to those obtsined with tungsten steel,
and the product does not vary from the sverege by nearly

80 wide & margin e&s in the case of the tungsten alloy.
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ANALYSIES AllD HEAT TREATIZEITS OF THE BTEILS USED B8Y

SOLT COf WHE LICRI LROLINIT MNAIIUPACTURIRS .

ODIANA STETTL PaCDUCYS COLPANNY.

Analysis.
™ungsten steel Chronium steel
Carbon 0.65 Carbon 0.65
Tungsten 5.75 Chromivm 2.40

Heat Trestment.

"he steel is nerderned at the correct hest, which
varies according to the size, from 1480 to 1550 degrees
F., and quenched in water or a solution so that the

material is hosrdened throughout the ent ire section.

SPLITDORY ELECTRICaL CCLPANY.

Anaslysis-chronmium steel.

Caroon 0.889
Chromium £.03
Vanadium Traces.

Heat Tregstnent.

The steel is hested to 1480 degrees I's, &nd

quenched in water.

THIE BSTURLINT COLPANT.
Analysis~chcromium steel.
Carbon 0.89
Phos. 0.017
Sulphur 0.023
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Silicon 0.25
lang. 0.44
Chromn. 3.03

Hegt Trestment.
'Mie steel is heated to 1628-1550 deerees F.,

and quenched in oil.

TRACLEBERG-CARLSOIT TILELHCHE TAIUILCTURING CCLPANY.

Analysis.

Tungsten steel. Chromium steel.
Carbon C.39 Carbon 0.89
Tungsten 6.00 Ciharomium 2.00~2.25

liest Treastient.
Chrome ruets are herdened et a terpersture of

sabout 1450 degrees I's, wvhile the Tungsten msgnets ere

hardened at 1550 te 1600 degrees .

THI 3RIDTISH THCLSCH-HCOUSTCL CCLIANY, LILITID.

Anelysis.

Tungsten steel Grade 1. Grede 2.
ungsten 5.960 5.460
langanese 0.245 0.404
Carbon 0.616 0.698

Chrowium steecl.

Chronmium 2.000

Carbon sbout 0.750
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Teat Treestrent.
Tiie steel 1s hested to 750 degrees C, or 13269

degrees s, and quenched in wsater.

THd3 SULITCLO CHUKCSIC, LTD. C COAMlA, Jarali.

This compsny hss recently petexted & new Lsgnetic
steel contsining from 0.3 to 0.2 per cent csrbon an
about 35 per cent cobelt slloyed with eitker chromium,
molybdenum, or tungsten. It is cleimed thet regnet
steel of tr.is composition will give a coercive force
aprrecially over 200, coupled with a remenence of sbout

10,000.
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K. S. FAGNET STEXL.

In June 1917, a new alloy steel vies discovered
by . Honda, a Jespanese scientist. This steel poesess-
es a very high coercive force, and no doubt is the best

magnet steel knovm.

The corposition of this steel is given es
Carbon 0.4 - 0.8 percent, Cobalt 30 - 40 percent,
Tungsten 6 - 9 percent, Chromium l.5 - 8§ percent.
Tewpering is best effected by heating to 950 degrees C,
or 1740 degrees F., and quenching in heavy o0il. M\easure-
nents of the residuel msgnetism for specircens of diff-
erent cowmposition, give values from 920 to 620 C.G.S.
units; the coercive force for the same srecimens ranged
from 226 to 257 gauss. Artificiel aging heating in
boiling water and by repeated mechanicel shock reduced
the residusl magnetism only 6%. The hysteresis curve
for & magnetizing force of 1,300 gauss were teken for
annealed and tempered specimens; for the asnnesled
specimen the coercive force was 30 gauss end for harden-
ed steel the coercive force was 238 gauss and the energy
loss per cycle 909,000 ergs. The hardness of snnesled
and tempered siecimens was fourd to be 444 gnd 652
respectively on the 3rinell scele and 38 and 55 on the

Shore scale. The miscostructure of the herdened steel

showed & finer grain than for the annesled.
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VAGIIETO MAGLETS.

As 1is well knovn, the permenent megnets are
the most important part of any megneto, and unless
the negnet be a thoroughly good one and well regnetiz-
ed, the magneto will give a very pocr performance on
test. The manufacture of magneto rnsgnets is attended
with considerable difficulties because it is essentisl
that the magnet be finished to fine mechanical
accuracy, and at the same time, the megnetic cheracter-
istics rmust be extremely good. 3rosdly épeaking, the

essential characteristics are:

1. The regnet must be thoroughly sound throughout
its whole structure. That is, there must be
no visible or incipient cracks or flaws.

2. The grinding of the pole pieces and edges must
be carried out to the necessary fine limits of
accuracy demanded by the design of the megnetos.

3. The magnetic characteristics mst pess a'certain
minimum. In other words, the megnet when fitted
to the magneto must be capable of creating in
the armature core a certain nurber of negnetic
lines and of meintaining these during subsequent

1life of the magneto.

Under working conditione, the nmegneto is subjected



29.

to coneiderable vibration and extrere and frequent
variations in teniperature. Any permanent masgnet is
liable to lose its strength when opersting under such
conditions, and to guard a loss of this meture, it is
necessary in hardening the magnet to aim at what is
termed a coercive force, not less than a certain
minimum. Experience hes shown that a save minirum is
55, and with certain grades of regnet steel it is quite
safe to go below this fisgure. The coercive force figure
is simply an indication of the power of the msagnet to
retain its megonetic field. That is, it is a measure of

the mmpgnetic tenacity of the steel.

It is &lso desirable that the regnet should pro-
duce, when fitted in place, &s large & flux as possible.
The actual working flux in the armatwre core veries be-
tween 20,000 and 50,000 magnetic lines, the forrer
ficure applying to polar inductor magnetos, and the
latter figure to large rotating arizture ragnetos.

Small rotating arrature machines have an esctive flux
much nearer the lower figure specified. ILiow the value
of this flux, for & given design of megneto, is great-
ly dependent on what is called the remenence of the
nagnet. An average figure is 10,000 snd it is desirseble
that the remsnence should be es high as possible. TLe

remanence ficure is an indicetion of the flux thst would
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circulate around the magnet if its poles were bridged
with &8 heavy soft iron keeper, snd it were then

magnetized in that condition.

There hes been a great deal of controversy about
the coercive force and the rerenence. It s0 heppens
that it 1s only possible to increasse one of thece
factors at the expense of the other. Thst is, if the
coercive force be increased abnorually, as it csn be
by snecial methods of hardening, the rensnence will be
lowered, and vice versa. It is contended in certain
quarters that a regnet with a very hich coercive force
(70) and a fairly low rerenence (9,000 to 9,500) is
better thean one having s fairly low coercive force
(55) and a very high remanence (10,500 to 11,000).

From experience, it has been showvn that the best re-
sults are obteined by striking & happy medium, end that
it is really & retrograde move, with the mzgnet steels
at rresent aveilable, to increase the coercive force

beyond a renge of from 60 to 65.

If an endesvor be made to push the coercive force
beyond the upver 1limit, the difficulties of renm.fecture
w1ill be increagsed considerably, and trhe gteel will be
brouchit to such a degree ¢f hardness that iacirient
cracks are likely to develop ruwch mere rapidly. 1o

compensating edvantege will be obtained, and os a mstter
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of fact, the gactive flux created in the regneto
arrature may tend to diminish in consequence of the
lower rernanence. It nust be pointed out thet dif ferent
steels behave in different ways, and while it way be
quite safe to wecrk dowvm to a coercive force of 55

with one grade of steel, another grade having slight-
1y different composition will demand s minirmum figure
of at least 60. This curious difference in behaviour
can be exnlained, but the explenation is outside the

scope of this work.
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VAGHET TESTING.

The testing of msnets to determine their
suitability for use hes been a difficult snd con-
tentious problem, reiniy owing to the disagreerLent
between leading esuthorities as to the true criterion
of rmagnetic qtality. uite recently is hes heen ggreed
by thosce able to pronounce Jjudgrent on this subject,
that the psrticular characteristics of & magnet which
are of importance depend on three distinct facters:

l. Remnanence,
2. Coercive force,

3. The shape of the remanence-coercive force curve.

This will be mmde clear by reference to curve 1,
Pige 6. If we sssume thst a magnet is wound over its
whole length with & nagnetizing coil, and then has its
poles bridged by a substantisl eoft iron keeper mmking
a good contact with them, the flux density in the body
0f the ragnet efter pascing a very heavy current through
the coil end again bresking the circuit, would be re-

presented by B, which is called the rerianence.

Ilow 1if a reverse current be passsed through the
coil, the megnet can be slowly deunagnetized by gradually
increasing the value of this current. \iith specisal

apparatus, the vslue of the flux density in the regnet
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can be readily measured for any value of demagnetiz-
ing current, and by plotting these resdings curve 1,
riz. 6, is obtained. Corresponding to soue definite
value of the denagnetizing current, the flux dencsity
is brought to zero. This corresponds to the point
where the curve strikes the axis of sabscissse. The
coercive force Cp is calculated from this densgnetiz-
ing current by teking into consideration the length of

the magnet and the number of turns of the goil.

The important egreenient on this netter thet has
now been reached, relates to the ordinate CB; which is
the actual flux density in the nmsgnet at some inter-
mediate voint in the denagnetizing force (i), and can
be taken as the figure of merit when conmparing the
magnetic quality of magnets thet are closely alike.

It will be noted that it depends on the three fsctors
already enumerated. Experience shows that if the value
of the demagnetizing force (H) be fixed at epproximate=-
ly 35, then the corresponding value of 0B, gives an
accurate indicaetion of how the magnet will perform in
the instrument for which it is designed. In other

words, 03; under these conditions ies a figure of merit.

A good nmethod for testing rnagnetos ie shovn in
Pig. 7. The epparatus used comprises a moving coil

type of neasuring instrument, from which the ordinary
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permanent magnet has been removed, special pole pieces
being provided so that the mgnet to be tested can be
brought quickly into contact with them. With a constant
current flowing thru the moving coil, the deflectipn of
the pointer on the uniformly graduated scale gives a

direct indicstion of the flux in the msgnet.

In the testing outfit as shown disgrammaticelly
in Fig. 7, two deregnetizing coils are fitted to the
top of the instrument case so thet these erbrace the
liibs of the regnet when it is fitted to the poles.
The ragnet is first ragnetized on a separate and dis-
tincet magnetizing outfit. With each mugnet, three

readings are taken:

l. The first reading immediastely after magnetiz-
ing the mgnet end fitting it to the instru-
ment. Call this dl.

2. The circuit through the dersgnetizing coils is
then completed through a lerge varisble recgiste
ance, and the deregnetizing current graduslly
increased. Corresponding to a demagnetizing
force of epproximetely 35, the deflection is
again observed. Cell this dp.

3. The demagnetizing current is further incressed
until the deflection is just zero. The deregnet-

izing current is carefully noted. Csll this cl.
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By using stendard nsgnets of different ragnetic
charscteristics, it is possible to cslibrate the in-
strument so that the actusl coercive fcrce snd re-
manence figures for any riagnet tested can be deduced
from the readings d; send cq. Briefly, if the readings
as set forth above be takxen with a set of standard
nognets of any particuler rneke, and it ie necessary to
use standards reprecentstive of each quelity of steel,

the results can be plotted to give two streight lines;

(a) the first connecting dy and the rroduct

(b) he second connecting cj &nd Cr.

Prom these calibration curves, the values of B.
and Cp for any nermet tested, can be deduced fromw the
reaedings dq and Cq» by referring to the calibrstion
curves that hesve been plotted from resdings given by

standard nsgnets of corresponding neke.

But as alresdy pointed out, B, end Ce sre not the
whole story, and the reading dy taien by itself, is a
criterion of megnetic quality, when testing magnets in
bulkx which sre, as is usual, clocely alike. Tie fellacy
of depending entirely on the reusnence and the coercive
force figures, and fortunately, dependence has been

rlaced on figures alrost entirely in the pest, is rade






apparent by curve & in Fig. 6. It is a hypothetical
case, but essuning that & msgnet gave such a denagnet-
izing curve, it should be noted thet the ective flux
in the srmeture core of the instrument to which it is
fixed would be approximstely OBz/OBl or 60 per cent of
the flux produced by the other mrgnet when fitted to
the same instrument, desrite the fact that the re-

manence sand the coercive force figures sre identicel.

The agreenent is that the mesximmum velue of the
rroduct of flux density and demsgnetizing force resch-
ed during the demagretizing process, can be iteken as a
figure of merit, provided that the rersnerce and
coercive force figures are of the sane order. A lasrge
nunber of tests have revealed the fact that on the
average the minirum point on this new curve lies
eprroxirmetely slong 8 line drawn through the sbscissa
whose point H equals 35. On this basis, the ordinate
OB1 is approximtely a measure of the maximum product
referred to, and the two methods of testing should

therefore yield substantially the sasme results.
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MUG PERIANINT IAGHETS 3Y DHE USZI OF A

-

I'AGIE0LETER.

The spparatus used in this rethod of testing
is shovn in Fig. 8 and consists of:
l. A magnetometer,
2. A telescore with a scale attached,
3. An appsratus for the holding of magnets to be
tested with divisions merked off in em. for
obtaining the distence of the negnet from the

magnetometer.

The meenetometer consists of three srall megnets
made from 3/4"™ lengths of a watch spring end a sosll
mirror about 1/2" square fastened upon & nonmegnetic
holder, &s shovn in the right hand corner of Fig. 8.
This appsratis is suspended by & single strand of silk
fibre in a box like structure. The sllk fibre is
attached to a pin which is adjustable so as to be able
to raise and lower the magretometer. The box enclosing
the magnetometer has a glass front facing the telescope
and soale 80 thst the deflections of the msgnetometer

can be caught from the mirror.

The deflections of the magne tometer are resd

through the telescope from the scale attached.
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mo SET UL THT AFLARATUS.

The arparatus is set up as shown in the figure
with the watch spring resonets of the msgnetometer
acting in the sare direction as the earth's magnetic
field. The telescore 1s set at a distance of 90 cm.
from the center of the megnetoreter end the scsale
set at 25. The device for holding the maegnets to be
tested is placed in the same plain as the magnetoreter

and at right angles to the earth's megnetic fleld.

TISTING TEZ MAGNITS.

Tre ceater of the 1egnet to be tested is placed
at a distance of 100 cm. from the nagnetometer with the
axis of the magnet rerpendicular to the earth's masgnetic
field from the center of the msgnetometer. The lines of
force from the megnet attract one pole of the watch
spring magnet and repell the other thus producing en
angle between the axis of the watch spring megnet and the
earth's mgnetic field. That is, the pertianent magnet
deflects the watch spring rnagnet from the action of the
earth's magnetic field to the extent of the intensity
of the permanent msgnet. These de¥flections sre measured
from the deflections of the scale in the nirror thru
the telescope. These deflections are averaged for both
poles of the magnets and the megnetic monent and the

pole strength of the megnet is obtained from the follow-



ing formlae:

. 3 T 3
I._ dv tan theta or k equals H dY tan theta

H 2 2

Yole strength equals N/l c.g.s.

Where:

1 equals the mgne tic moment,

H equals the horizontal component of the
earth's megnetic field vhich was 0.173
under conditions of testing.

d equals the distance of the center of the
perrenent magnet from the center of the
magnetometer.

tan theta equals one helf the deflection
read upon the scale divided by the
distance of the telescope from the
magnetometer.

1 equsls the length of the permanent magnet.

39.
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RESEARCH WORK ON PIEILANIIT LIAGIEDS.

+3

OBJZCT:

The object of this research work is to obtain
the comparative pole strength of pernanent nsgnets
produced under magnetization during different heat
treatments of the steel, end to prove certain
assunptions in eonnection with the theories of

megnetism.

ASSULETICHS:

Thet is the molecular theory of negnetism is
true; then it is the opinion of the writers that upon
heating a piece of steel, the molecules will be in a
more pliable state snd therefore more eaesily moved.
Thet is, the freeness of rovemrent of tkhe molecules in-
cresses in sowme vroportion to the incresse of temper-
ature in the steel. XNow 1f a piece 0of steel is hested
to a certsin temperature and while at this hest, the
steel is meenetized by & suitsble flux, then the
molecules will arrangé theriselves niore easily end in a
less distorted fashion then under ordinery megnetization
of the cold steel. In fact, there should be a grester
nurber of molecules in & better slignment duve to a
greater freedom of motion of these molecules, snd uron
bringing the tempersture of the steel down to thet of

the foom, the rolecules should be in a less sirained
»
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condition than wnder trhe ordinsry means of magnetiz-
ation. With thece conditions preveiling, a étronger
ragnet should result from the heating, and it wss
under these sssumptions that the writers experimented,

the results of which follow.

Of course, the electron theory has replaced the
molecular theory t> e certain degree, but the correct-
ness of this theory is questioned by some of the fore-
rost physicists of the day. Tnis theory is, as
expleined in a previous article, that the stoms of s
substance are built up, in pert ¢t least, of & number
of electrons in rapid rotation about & certasin nucleus
of positive electrification. Each of these electrons
moving in its orbit is equivalent to a minute nsgnet.

In case of dianagrietic stbetancec, these orbits are
vsupposed to be distributed in such & syrmetricsl way
that they produce no nmagnetic field outside of the stom.
The diasnagnetic atom has no nzgnetic rmoment of its owm.
In the case of psramagnetic substances, it is supposed
thaet the orbits of the electrons are so distributed thet
the atoms heve a msgnetic moment of their own, and being
little msgnets will f=ll into glignment when scted upon
by en external field. In the case of ferromsgnetic
substances, there seem to be mutual actions between the
atous or rwlecules. vhen en external field is applied to

a ferromsgnetic substance, the neturel groupings of the
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molecules are changed; thece elenentary regnets fall
into new positions of equilibrium, one efter the other,
and we have the effects known as permanent mocgnetism.
The key then to ferromagretism is the attraction and

the repulsion of one nolecular negnet upon another.

The theory of regnetism is that the disasrnegnetic
effect 1s »nrobably present in all substances; but in
any cases, it 1s masked by the psramagnetic turning
of the molectle, and there is also present a mutusl
action between nolecules. The saue reasoning and
assumptions, as were brought forth munder the molecular

theory, can be applied to the above thLeory.

THT LaBORATORY VWORK IN wHIS CONNLCUYION.
The steel used in this experiment was of the

following composition:

Carbon . . . . . . ] L} . 00890
Chromium « « ¢« ¢ « ¢« o« « 3.030

llanganese. 0.440

L
L
L]
L]
L]
L]
.

Phosphorus « « « « « « « 0,017
Silicon. L] L] L] ] * L] L] L] 00250

Sulphuro e o e o o o s o 00025

'he steel had been hardened by heating to

1525 - 1550 degrees K., and quenching in oil.
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CARILICAL POINT.

A piece of the steal was gnnesled at 1450
degrees ., s0 &8 to be sble to mechine it. 4 3/16"
hole was drilled in one end of a piece 1-1/2" long to a
depth of 3/4". The piece was then placed in the Brown
criticel point determination apperatus. The resulting
graph is showm on the following page from which the

criticsl point was founda to be at 1260 degrees F.

HEAT TREATIZENY AND LAGIIETIZATICON.

There were egeversl plans considered for the hest
treatment and regnetizetion but the writers finslly
come to the conclusion that the best nrethod was to hest
the steel to the right tempersture, pase a flux thru the
bar by means of a lerge electro-rsgnet fir several
seconds, and then to quench the bar while it was still
being nagnetized. To build an apparetus to do these
three things, heat end steel quench and nmegrnetize, in
one unit would be & very difficult and unsatisfectory
plan, so it was decided to msgnetize snd quench the

steel outslde of the furnace.

The steel (3/8" x 3/4"™ cross section) wes cut in
6" lengths end numbered 1,2,3,4,5,6,7,8,11 and 12. The

bars were heated to the following temperatures:
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Bar Noe 1 ¢« ¢ ¢ &« « « « o« Roonm 'euperstire

" " 2 e ¢ ¢ o o o o o 700 degrees K.
" L T < 1010 " "
" "4 L. e e e e .. 909 " "
" "B .. 0 e o o . L1000 " "
" "B . 4 4 e . . . #1100 " "
" "7 e 4 e e s e« #1200 " "
" "B v e e e e s e 41300 " "

3ars 11 and 12 were heated to 1200 and 1300 de-

>rees F., resnectively for check bars.
i} L J

'ne bers were heated to their respective tenmper-
stures and held at this hegt for five minutes to insuire
a uniform heet throughout the bar. The bars were in-
stantly placed betlvieen the poles of a large electro-
Lagnet and nagretized for 10 seconds wikiile they vere at-
hest. “This process should have helped the forrngction of
the elignuent of the rnolecvlar regnels. The bsrs were
then queiiched with weter while they were etill being
ragnetized keeping the flux flowing thru bar for 50

seconds.

TUSTING.

The pole strengths of the rsgnets were fownd by
the use of the nmsgrnetoneter arperetus whica is fully
described in the preceding erticlke on testing perreanent

nagnets. The bars were placed at & distance of 100 crm.
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from the nagnetoneter snd on sverage deflection ves
taken for both noles of the usgnet. I'ror these de-
flections, the megnetic nenment and the pole density
wvere figured. The forrmulase used for corputing the

Lsgnetic monent end the pole density were:

sy 42 tan thet®8 p5ng pole strength equels L
H 2 Tiem)

RISULDS:

Bar llo. Temperature Deflection of Yole strength

of the bar l'sgnetoreter in c.g.s.
1 roorn tewmp. 7.9935 249.8
2 709 7.5200 240.0
3 800 7.3320 233.8
4 900 5.4630 174.5
5 1020 6.8760 219.8
6 1100 645620 209.6
7 1200 6.4950 207.0
8 1300 5.1000 163.0
11 1200 6.9346 £11.5

12 1300 4.8962 1566.3
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CCLCIULICIS.

The results s shown in the table and greph
prove to be quive the opposite from whet was
expected. According to the assumptions, the feasi-
bility of which has not been denied by any of the
phrsicists with which the writers have consulted,
the steel should increasse in uagnetic density, to a
certein extent at least, with a specified nmegnetiz-
etion under a rise in teumperasture. This, however,
a8 not the case bwt quite the oprposite. The grester
the temperature at which the stecl was negnetized
the lower the pole density obtlained. The question
arrises as to the effect of heat upon tre ratnetism
of a plece of steel from the vell known fact thet
heat destroys msgnetism. This fact, hovever, does not
tend to tesr dovn the sseunmptions rade, but quite the

contrary.

The einple experirent of heeting & regnet hus
been shovm to everyone who has taken & cource in rhysics
and it not only substantiates the molecular theory but
shows that the molecules heve been distorted from their
norral position during the process of megnetizstion an
that heat does have an effect upon the movement of these

rolecules. Yhat more proof does anyone went thst the

assumptions wer logical?Is it not ressonsble to supros
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that if this experiment were reverscd and the heet
used 1o meike the nolezules anpliable, and 8 Legnetiz-
ing force be tiien avwplied, and the materisl quenched,
thet it would produce stronger nsgnets with grester
retentivity? There remsins but one other conclusion
to the results and that is thwt the fundenental idea
of the moleculer thecry is incorrect. 7To decisively
prove tunis vould be & very lesborious snd difficult
problerr but the writers velieve that they have one of
the nost important stenping stones in the process cof

destroying the molecular theory.
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