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XXV. Notes on Electricit# and Magnetism.--III. On tile 
Bel~aviour of Iron and Steel under the Operation of Feeble 
Magnetic Forces. B q Lord R~.YLEIGH, Sec. R.S.* 

[Pl~t,e II.] 

T HE question whether or not iron responds proportionally 
to feeble magnetic forces is of interest not only from 

a theoretical point of view, but from its bearing upon the 
actual working of telephonic instruments. Considerable dif- 
ference of opinion has been expressed concerning it, several of 
the best authorities inclining to the view that a finite force is 
required to start the magnetization. Prof. Ewing remarker : -  
"As regards the hysteresis which occurs when the magnetism 
of soft iron is changed, my experiments confirm the idea 
already suggested by other observers, that when the molecular 
magnets of Weber are rotated they suffer, not first an elastic 
and then a partially non-elastic deflection as Maxwell has 
assumed~ but a kind of frictional retardation (resembling the 
friction of solids), which must be overcome by the magneti- 
zing force before deflection begins at all." In a subsequent 
passage$ Prof. Ewing treats the question as still open, re- 
marking that though his curves suggest that the initial value 
of k (the susceptibility) may be finite, they afford no positive 
proof that it is not initially zero, or even negative. 

My attention was first called to the matter about a year 
and a half ago in connection with the operation of iron cores 

* Communicated by theAuthor. 
t Phil. Trans. 1886, p. 526~ § 5. 
:~ Z.c.§61. 

Phil. Mag. S. 5. Voh 23. No. 142. March 1887. R 

D
ow

nl
oa

de
d 

by
 [

D
uk

e 
U

ni
ve

rs
ity

 L
ib

ra
ri

es
] 

at
 0

9:
42

 0
9 

M
ay

 2
01

2 



226 Lord Rayleigh on rite Behaviour of Iron and Steel 

in the coils of an induction-balance. Experiment showed 
that iron responded powerfully to somewhat feeble forces; 
and I endeavoured to improve the apparatus in the hope of 
being able thus to examine the subject more thoroughly. 
Two similar long helices were prepared by winding fine insu- 
lated wire upon slender glass tubes. These were connected in 
series with a battery, a resistance-box, and a microphone- 
clock, so as to constitute a primal T circuit. The secondary 
consisted of a largo quantity of copper wire, mounted upon a 
bobbin, through the opening in which both primary coils were 
inserted. The circuit of the secondary was completed by a 
telephone. When neither primary coil contained a core, 
silence at the telephone could readily be obtained. The iron 
cores used were those described in Part ]I.~; and it was found 
that all of them (including the bundle of seventeen very fine 
wires) disturbed the silence until the resistance was so far 
increased that the magnetizing force was less than about ~o of 
the earth's horizontal force (H).  Moreover, there was no 
indication that the absence of audible effect under still smaller 
magnetizing forces was due to any other cause than the want 
of sensitiveness of the apparatus. 

I did not pursue the experiments further upon these lines, 
because calculation showed that the feeble magnetization of a 
piece of iron could more easily be rendered evident directly 
upon a suspended needle (the magnetometric method), than 
indirectly by the induction of currents in an encompassing coil 
connected ~vith a galvanometer. ~early all the results to be 
given in this paper were obtained by a form of the magneto- 
metric method, specially adapted to the inquiry whether or not 
the magnetization of iron continues proportional to the mag- 
netizing force when the latter is reduced to the uttermost. 

The magnetizing-spiral first used was one of those already 
referred to. It consists of a single layer of fine silk-covered 
copper wire wound on a glass tube and secured with shellac 
varnish (A, Plate II. fig. 1). The total length of the spiral 
is 17 centim., its diameter is about "6 centim., and the wind- 
ings are at the rate of 32 per centim. The resistance is about 
5} ohms. 

The magnetometer was simply a small mirror backed by 
steel magnets (B)~ and suspended from a silk fibre, as supplied 
by White for galvanometers. It  was mounted between glass 
plates at about 2 centim, distance from the magnetizing-spiral. 
The earth's force was compensated by steel magnets, which 
also served to bring the mirror perpendicular to the helix in 
spite of the influence of residual magnetism in the iron core. 

" Phil. Mag. December 1886, p. 490. 
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under the Operation of Feeble Magnetic Forces. 227 

The deflections were read in the manner usual with Thomson's 
galvanometers, by the motion of a spot of light thrown upon 
a scale after reflection by the mirror. The division is in 
millimetres, and with the aid of a lens a displacement of llo of 
a division can usually be detected with certainty. 

The direct effect of the magnetizing-spiral upon the sus- 
pended needle was compensated by a few turns of wire C, 
7 centim, in diameter, supported upon an adjustable stand D. 
This adjunct might have been dispensed with; but what is 
essential is the larger coil, E, by which the effect of the iron 
core is compensated. This coil consisted of 74 convolutions, 
of mean diameter 18 centim., tied closely with string, and 
mounted upon an independent stand, F. By sliding this 
stand, and ultimately by use of the screw, G, the action of 
this coil upon ttLe suspended needle can be adjusted with 
precision. All the coils are connected in series; and pro- 
vided that the magnetic condition of the iron under given 
force is definite, matters may be so arranged that the imposi- 
tion of the tbrce produces no movement of the suspended 
needle, or, more generally, the compensation may be adjusted 
so as to suit the transition fl'om any one magnetic force to any 
other. If the susceptibility (k) and permeability/z ( = 4¢rk + 1) 
were constant, as has often been supposed in matheinatical 
writings, the compensation suitable for any one transition 
would serve also for every other, and the magnetmneter-needle 
would remain undisturbed, whatever changes were permitted 
in the strength of the magnetizing current*. The question 
now presenting itself is, How far does this correspond to fact ? 
or, rather, How far is it true for magnetizing forces which are 
always very small ? fbr we know already that, under the ope- 
ration of' moderate forces exceeding (say) 1 or 2 C.G.S., not 
only is/~ not constant, but there is no definite relation at all 
between magnetic induction and magnetizing force, whereby 
the one can be inferred from the other without a knowledge 
of the previous history of the iron. 

The magnetizing force of the spiral is of course easily cal- 
culated. The difference of potential in passing through n 
convolutions of curren~ C is 47rnC. If  the n convolutions 
occupy a length l, the magnetizing force is 

47rC n 

or, in the present case, 1287rC. 

* The idea of compensating the iron is not new. The method was 
employed by Koosen (Pogg. Ann. Bd. lxxxv. S. 159, 1852) to exhibit the 
phenomena of "saturation." 

R 2  
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228 Lord Rayleigh on the Behavlour of Iron and Steel 

C is here expressed in C.G.S. measure, on which scale the 
ampere is "1. 

It may be objected that the magnetic force of the spiral is 
not the only external force operative upon the iron. It is 
true that the compensatlng-coils must have an influence, and 
in the opposite direction. But calculation shows that the 
influence must be small. The radius of the large coil is 
9 centim., and (to take an example) the distance of its mean 
plane from the suspended needle in one set of experiments on 
hard iron was 13'6 centim. Under these circmnstances the 
magnetic force in the spiral, even at the nearer end, is influ- 
enced less than 2 per cent. by the large compensating-coiL 
The effect of the smaller coil is about the same. For the 
present purpose it is hardly worth while to take these correc- 
tions into account. 

As has been remarked, the coils of the apparatus were 
always connected in series ; but a reversing-key (serving also 
to make and break) was introduced so as to allow of the re- 
versal of the compensating-coil in relation to the others. In 
one position of the key (--) the action of the coil and of the 
magnetized iron are opposed; in the other (+) the actions 
conspire. When the currents to be used were not exceedingly 
small, the whole apparatus was in simple circuit with a Daniell 
cell and such resistance-coils as were necessary. Exclusive 
of the cell and of the added resistances, the whole resistance 
was 7½ ohms. 

As an example, I will now give the details of some obser- 
vations on December 6 made to test the behaviour of unan- 
nealed Swedish iron wire. The diameter of the wire is 
1"6 millim. ; it is fi'om the same hank as a piece used in the 
experiments of Part II.* The compensating-coil was adjusted 
until it made no difference whether the key was open or 
closed (--) ,  the additional resistance being 1000 ohms. In 
stating the result it will for the present be sumcient to give 
the German-silver resistances, that of the apparatus and of the 
battery being relatively of no importance. The corresponding 
current is about 10 -4 C.G.S., and the strength of the magnetic 
field in the spiral is given by 

128~rC='04 C.G.S. 
We shall have a better idea of this if we recall that, on the 
same system of measurement, 

H = ' 1 8  ; 
so that the force in action is about ~ of that which the earth 
exercises horizontally. 

* 25. e. p.  488. 
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under the Operation of_Feeble ~_fagnetic -Forces. 229 

W h e n  the resistance was altered to 11,000 ohms, the com- 
pensating-coil  of  course remaining undisturbed,  contact  ( - - )  
produced no visible motion, showing that  the same compen-  
sation is suitable for the much smaller force. But  at this 
point  we require to be assured that  the absence of disturbance 
is not  due merely  to want  of sensitiveness. The necessary 
information is afforded at once by  making  reversed contact  
( + ) ,  which (with 11,000 ohms) gave a swing of 57 divisions. 

To diminish the magnet iz ing  force still further,  a shunt ing  
ar rangement  was adopted. The current  f rom the Daniell was 
led th rough  10,000 ohms and then th rough  a box capable 
of  providing resistances fl'om 1 to 1000. The circuit of  the 
apparatus included another coil of  10,000 ohms, and its ter- 
minals were connected to those of the box. The bat tery-  
current  was thus about "0001 ampere, or 10 -5 C.G.S. I f  a 
be the (unplugged)  resistance in the box, the E .M.F .  at  the 
terminals of  the apparatus-circuit  is a x  10 -4 volts ; and the 
current  C th rough  the magnet iz ing helix and compensat ing-  
coil is a x 10-~ C.G.S.  

W h e n  a = 1 0 0 0  ohms, ( - - )  gave no visible deflection, while 
( + )  caused a swing of  5 divisions. 

At  this stage recourse was had to the " method of multipli- 
c a t i o n "  in order  to increase the sensitiveness*. A pendulum 
was adjusted until its swings were synchronous  with those of 
the suspended needle. I t  was then easy to make and break 
contact  in such a way  as to augment  the swing due to any 
outstanding force. Thus, when a = l O 0 0 ,  the swing was in- 
creased by the use of the timed contacts and ruptures ( + )  

* The advantage of the method of multiplication seems to be hardly 
sufficiently appreciated. It  is not merely that the effect is presented to 
the eye in a magnified form. That object can be attained by optical 
appliances, and by diminishing the directive force upon the suspended 
parts, whether by using a nearly astatic system of needles~ or by com- 
pensating the field. For the most part these devices augment fhe un- 
avoidable disturbances (which exhibit themselves by a shifting zero) in 
the same proportion as the effect to be measured, or at any rate rendered 
apparent. The real ultimate impediment to accuracy of measm'ement is 
atmost always the difficulty of distinguishing the e~ect under examination 
from accidental disturbances, and it is to overcome this that our efl]Jrts 
should be directed. The method of multiplication is here of great service. 
The desired effects are largely magnified, while the disturbances~ which 
are not isoperiodic with the vibrations of the needle, remain unma_~nified. 
and therefore fall into the background. 

It is obvious that, in order to secure this advantage, the vibrations 
must not be strongly damped. No doubt a highly damped gMvanometer- 
needle is often convenient, and sometimes indispensable. But it seems to 
be a mistake to use it where a null method is applicable, and when the 
utmost delicacy is required. In such a case the inertia of the needle~ and 
the forces both of restitution and of damping~ should all be made small. 
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230 Lord Rayleigh on the Behaviour otis'on and Steel 

until it measured 26 divisions instead of 5 only. But a 
similar series of operations with reversed currents ( - - )  caused 
no swing amounting to ]-to division ; so that we may consider 
the compensation proved to be still perfect to about 1 per cent. 

In applying the method to still smaller forces we cannot 
avoid a loss of sensitiveness. With a----100, ( + )  gave 3 di- 
visions, while the effect of ( - - )  remained insensible. The 
correctness of the compensation is thus verified to about 6 per 
cent. of the separate effects. Had the iron, even at this stage, 
refused to accept magnetization, the fact would have mani- 
fested itself by the equality of the swings obtainable in the 
two ways, ( + )  and (--), of making the connections. 

In t]~e last case mentioned the current was 10 -7 C.G.S., 
and the magnetic force was 4 x 10 -5 C.G.S. We may there- 
fore regard the proportionality of magnetic induction to mag- 
netic ibrce over the range from 15 H to .%o~o~ I-I as an experi- 
mental fact. In view of this, neither theory nor observation 
give us any reason for thinking that the proportionality 
would fail for still smaller threes. 

Quite similar results have been obtained with steel. On 
December 13 a piece of drill steel (unannealed) was examined, 
the delicacy of the apparatus, as evidenced by the ( + ) effect, 
being about the same as in the above experiments on hard 
S~ edish iron. No failure of proportionality could be detected 
with forces ranging from about 51H to ~]o6~ It. 

Annealed iron is a much less satisfactory subject. With 
nnannealed iron and steel the compensation for small forces 
may be made absolute, so that neither at the moment of closing 
the circuit nor afterwards is there any perceptible disturbance. 
This means that (so far as the magnetometer-needle can 
decide) the metal assumes instantaneously a definite magnetic 
condition which does not afterwards change. But soft iron 
shows much more complicated effects. The following obser- 
vations were made upon a piece of Swedish iron (from the 
same hank as the former) annealed in the flame of a spirit- 
lamp. When an attempt was made to compensate for the 
imposition of a force equal to ~5 H, no complete balance could 
be obtained. When the coil was so placed as to reduce as 
much as possible the instantaneous efIbct, there ensued a drift 
of the magnetometer-needle represented by about 170 divi- 
sions of the scale, and in such a direction as to indicate a 
continued increase of magnetization. Precisely opposite 
effects followed the withdrawal of the magnetizing force. 
The settling down of the iron into a new magnetic state is 
thus shown to be far from instantaneous. On account of the 
complication entailed by the fl'ee swings of the needle, good 
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under the Operation of Feeble Magnetic Forces. 231 

observations on the drift could not be obtained with this ap- 
paratus ; but it was evident that, whilst most of the anomalous 
action was over in 3 or 4 seconds, the final magnetic state 
was not attained until after about 15 or 20 seconds*. 

The operation of feebler forces was next examined, rather 
with the expectation of finding the drift reduced in relative 
importance. But  the imposition of ~ I-I was followed by a 
drift of 13 or 14 divisions, no very small fraction of the whole 
action ; as was seen from the observation that the ( + ) e ~ c t  
was now 300 divisions, of which 150 are due to the iron. 
With 20,000 ohms in circuit, giving a force equal to 1-o1~ H, 
the drift was 6 or 7 divisions. By still further diminishing 
the force the drift could be redueecl to insignificance ; but it 
appeared to maintain its proportion to the instantaneous effect. 
Apart from the complication due to the drift, the magneti- 
zation was proportional to magnetizing force from 1J6 I-I to 
~Lo~ R or lesst. 

The question now presents itself~ What  is the actual value 
of the permeability which has been proved to be a definite 
constant for small forces ? In consequence, however, of the 
nearness of the operative pole to the suspended needle in the 
preceding experiments~ no moderately accurate value of/~ 
can be deduced. But the observations described in Par t  I[ .  
are sufficient to show that the constant permeability for bard 
iron has some such value as 90 or 100, the forces then opera- 
tive being within the prescribed limits. The fact that the 
initial value of/L is so large is obviously of great theoretical 
and practical importance. Further  evidence will be brought 
forward presently in connection with observations made with 
an arrangement better suited to an absolute determination. 

Too definite a character must not be ascribed to the above- 
mentioned limit of ½H. Below this point the deviations from 
the law of proportionality~ though mathematically existent, are 
barely sensible. In order to understand this, it is well to con- 
sider what happens when the limit is plainly exceeded. I f  a 
force of the order I-I be imposed~ the compensating-coil (ad- 
justed for small forces) appears to be overpowered, and a 

* Prof. Ewlng (loc. cit.§ 52) describes ~ a time lag in maglaetization," 
especially noticeable in the softest iron and at points near the beginning 
of-the steep part of the mag~aetization-curve. It should have been state~ 
that my apparatus was very firmly supported, and, being situated under- 
ground, was well protected from vibration. The drift or creeping did 
not appear to be due to this cause. 

t The results here set forth were announced in a discussion following 
Prof. Hughes's address to the Society of Telegraph Engineers on Fe- 
bruary 11, 1886 (Journ. Tel. Eng. xv.'p. 39)~ on the strength of prelimi- 
nary experiments tried towards the close of 1885. 
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232 Lord Ray|eigh on the Beltaviour of Iron and Steel 

large deflection oecurs. I f  the force be now removed, the 
recovery is incomplete, indicating that the iron retains residual 
magnetism. Subsequent applications and removals of the 
force produce a nearly regular ei~ct, and always of such a 
character as to prove that the magnetic changes in the iron 
exceed those demanded by the law of proportionality. As 
might be expected, the excess varies as the square of the 
force ; and thus, ~hen the force is small enough, it becomes 
insignificant, and the law of proportionality expresses the 
facts of the case with sufficient accuracy. But the precise 
limit to be fixed to the operation of the law depends neces- 
sarily upon the degree of accuracy demanded. 

The readings with and without the force being tolerably 
definite, it would of course be possible, by pushing in the 
compensating-coil, to bringabout an adjustment in which the 
application or removal of the force causes no deflection. But 
this state of things must be carefully distinguished from the 
compensation obtainable with very small forces, in that it is 
limited to one particular step in the magnitude of force. I f  
we try a force of half the magnitude, we find the compensation 
fail. Not only so, but the reading will be different under the 
same force according as we come to it from the one side or 
fl'om the other. The curve representing the relation between 
force and magnetization is a loop of finite area. 

Except for the purpose of examining whether the whole 
magnetization is assumed instantaneously (absence of drift), 
there is little advantage in the compensation being adjusted 
for the extreme range under trial. It is usually better to 
retain the adjustment proper to very small forces. Even 
though it fails to give a complete compensation, the coil offers 
an important advantage, which will presently appear; and its 
use diminishes the displacement to be read upon the scale. 

We have seen that when the forces are very small there is 
a definite relation between force and magnetization, of such a 
character that one is proportional to the other : the ratio k 
(the susceptibility) is a definite constant. When, however, 
certain limits are exceeded there is no fixed relation between 
the quantities ; and if k is still to be retained, it requires a 
fresh definition. It  is not merely that k, as at first defined, 
ceases to be constant, but rather that it ceases to exist. Upon 
this point the verdict of experiment is perfectly clear. There 
is no curved line by which the relation between force and 
magnetization can be unambiguously expressed, and which 
can be traversed in both directions. As soon as the line 
ceases to be straight, it ceases also to be single. I have 
thought it desirable to emphasize this point, because the term 
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under the Operation of Feeble Magnetic Forces. 233 

" magnetization-function," introduced by Dr. Stoletow, rather 
suggests a different conclusion. 

The curves given by Stoletow and by Rowland in their 
celebrated researches are not exactly magnetization-curves in 
the more natural sense ; that is to say~ they do not exhibit 
fully the behaviour of a piece of iron when subjected to 
a given sequence of magnetic forces. But a number of such 
curves have been drawn by Ewing which afford all necessary 
general information. Among these we may especially dis- 
tinguish the course followed by the iron in passing from 
strong positive to strong negative magnetization and vice 
versd, and that by which iron starting from a neutral con- 
dition first acquires magnetization under the action of a force 
constantly increasing. 

Attention is called by Ewing to the loops which are formed 
when the forces are carried round a (not very small) cycle of 
any kind. "Every loop in the diagram shows that when we 
reverse the change of magnetizing three from increment to 
decrement, or vice versa, the magnetism begins to change 
very gradually relatively to the change of .~ (the force), no 
matter how fast it may have been changing in the opposite 
direction before. So much is this the ease that the curves, 
when drawn to a scale such as that of the figm'e, appear in all 
~ases to start off tangent to the line parallel to the axis on 
which .~ is measured whenever the change of .~ is reversed in 
sign." 

The question here raised as to the direction of the curve, 
after the force has passed a maximmn or minimum, is one of 
great importance. If  it were strictly true that this direction 
were parallel to the axis, it would follow generally that iron in 
any condition of magnetization would be uninfluenced by 
small periodic variations of magnetic force ; for example, that 
in many telephone experiments iron would show no magnetic 
properties. The experiments already detailed prove that when 
the whole force and inagnetization are small (they were not 
actually evanescent) very sensible proportional changes of 
magnetization accompany small changes of force, the ratio 
being such as to give a permeability not much inferior to 
100. Nothing is easier than to show that this conclusion is 
not limited to very small mean forces and magnetizations. 
As regards the latter~ we may apply and remove a force 
(say) of 5I-I. By this operation the iron is left in a different 
magnetic condition, and the zero-reading of the magnetometer 
is altered, probably to the extent of driving the spot of light 
off the scale. But if we bring the needle back with th(~ aid of 
external magnets, we can examine, as before, the effect of 
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234 Lord l~ayleigh on the Behavlour of Iron and Steel 

im osin a small force.(~lnder ~H). I f  this be in the opposite 
di~Pctio~ to the preview. large force, it will produce, in spite 
of the compensating-coil, a very sensible effect; for in this 
case the movement from 0 to - -~H is in continuation of the 
previous movement from 5H to 0. But subsequent appli- 
cations and removals of ~H produce no visible effect upon the 
needle, as would have happened from the first had the small 
force operated in the positive direction. We may conclude, 
then~ that the compensation for small forces suitable when the 
iron is nearly free from magnetization is not disturbed by the 
presence of considerable residual magnetism. 

To examine the action of a small increment or decrement, 
when the total force is relatively large, we must either intro- 
duoe a second magnetizing helix or effect the variation of 
current otherwise than by breaking the circuit. I found it 
most convenient simply to vary the resistance taken from the 
box, so arranging matters that the small alteration of current 
required could be effected by the insertion or removal of a 
single plug. The corresponding change of current is obtained 
by inspection of a table of reciprocals ; and it was readily 
proved that within the admissible range of the apparatus the 
compensation was just as effective whether a step (not ex- 
ceeding ~TH) was made from zero or from a force (say) of 5 I-I, 
20 or 30 times as great as the increment or decrement itself, 
I t  need scarcely be repeated that there is an exception as 
regards the first step, in the case where it is in the same 
direction as the large movement preceding it. 

At this stage the original magnetizing-coil, having been 
arranged for the investigation of the smallest forces, was 
replaced by another at a greater distance from the suspended 
needle. When the magnetization of the iron in its various 
parts fails to vary in strict proportion to the force, the effective 
pole is liable to shift its position ; and this is an objection to the 
horizontal arrangement adopted in the earlier experiments. 
The helix was therefore placed vertically, the lower end of the 
iron core being a trifle below the level of the magnetometer- 
needle. The upper pole was at such a distance as to give 
but little relative effect. The length of the new helix, wound 
like the ott~er upon a glass tube, is about 30 centim. The 
windings are in four layers, at the rate altogether of 65 per 
centim. ; so that (under the same current) the magnetizing 
force is about twice as great as before. The resistance is 
4"75 ohms. 

A large number of observations have been made upon a 
core of rather hard Swedish iron, 3"30 millim in diameter. 
The same compensating-coil as before was found suitable, and 
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under tile Operation of Feeble Magnetic Forces. 235 

the arrangements were unaltered, except that an additional 
reversing-key was introduced, by which the poles of the 
Daniell cell could be interchanged. The total resistance of 
the circuit, independently of the box, was 7 ohms. The 
length of the core--or, rather, of the part exposed to the 
magnetizing force*--being about 100 diameters, is scarcely 
sufficient for an accurate determination ; but from the observed 
position necessary for the compensating-coil we can get at 
least a rough estimate of the susceptibility for small forces. 
Thus, on December 28th, there was compensation for small 
forces when the distances of the needle from the mean plane of 
the compensating-coil and from the operative pole of the iron 
core were respectively 17"2 centim, and 9"3 centim. The 
magnetic force at the needle, due to unit current in the com- 
pensating-coil, is 

2~ x 74 x 9~ 
{ = 5.15.  

The magnetizing force in the interior of the helix for unit 
current is 

4~r x 65 = 817. 

I f k  be the susceptibility, the strength of the pole is 

¼7r x "3302 x 817 x k ; 

and since the distance of this from the needle is 9"3 centim., 
we hay% to determine k, 

5"15 x 9"38 
k =  ¼~rx "330 ~ x 817 =6"36; 

so that 
~ =  1 + 47rk= 81. 

This is probably an underestimate. 
In order to obtain results comparable with those of Stoletow 

and Rowland, the iron was submitted to a series of cycles of 
positive and negative force. According to Ewing, the 
behaviour is simplest when the iron is first treated to a 
process of " demagnetization by reversals." This was effected 
in situ as a preliminary to the experiments of January 4th, 
the resistance in the box being increased by small steps from 
a few ohms to a thousand ohms ; while at each stage the 
battery was reversed several times. It mustG be remarked, 
however, that the iron was all the while under the influence 
of the earth's vertical force ; so that the resulting condition 
was certainly not one of demagnetization. But even as thus 

At the upper end the iron projected beyond the coil. 
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236 Lord I~ayleigh on tlte Behaviour of Iron and Steel 

carried out, the operation was probably advantageous as obli- 
terating the influence of the previous history of the iron 
core. 

The compensation was in the first place adjusted so that no 
displacement could be detected, whether the resistance was 
infinity or 2007 ohms*. This, of course, was in the position 
of th~ reversing-key denoted (--) .  When the iron and the 
compensating-coil acted in the same direction (+)~ the dis- 
placement was 8 divisions. 

In Table I. the first column gives tbe total resistance of 
the circuit in ohms, and the second gives the reciprocals of 
the first, numbers proportional to the current or magnetizing 
force. Repetitions of a cycle are shown on the same hori- 
zontal line, for greater convenience of comparison. Thus the 
first application of current +197 gave the reading 242 ; a 
second application, after the cycle +197, 0, --197, 0, gave 
241½. After two of these cycles had been completed, the 
current +326 gave the reading 245. To the readings as 
entered a small correction to infinitely small arcs has been 
applied. The letters R, L in the first column indicate the 
alternative positions of the battery reversing-key. It ~ill 
be seen that very nearly the same numbers are obtained 
on repetition of a cycle, and that even the first application 
of an increased force gives a normal result. 

The first question which suggests itself is the law connecting 
the magnitude of a current with the alteration of magneti- 
zation caused by its reversal. The quantities under conside- 
ration are exhibited in Table II., where the first column gives 
the current (x) and the second column the displacement (y) 
due to reversal. The relation between x and y is well ex- 
pressed by the formula 

y =  -- '0053x+ 1"072~ . . . . .  (1) 

of which the whole of the second member is shown in column 5, 
and the two parts separately in columns 3 and 4. Column 6 
gives the differences between the observed displacements and 
those calculated from the formula ; they do not much exceed 
the errors of observation. 

It will of course be borne in mind that the magnetization 
exhibited here is additional to the part rendered latent by the 
compensating-coil, and that the existence of the small linear 
term may be attributed to a defective adjustment of that coil. 
The calculated value of y for the step from infinite resistance 

* For greater delicacy, recourse was bad to the "method of multipli- 
cation," assisted by a pendulum, as already described. 
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under the Operation of Feeble Magnetic Forces. 

TABLE L--Jan.  4, 1887. 

237 

Resistance. 

QO 

1007 R 

1007L 
oo 

5 0 7  ~ . . . . . . . . .  

5 0 7  L . . . . . . . .  

307 R ......... 
oO 

3O7 L... 
o0 

207R ......... 
QO 

207 L ......... 
QO , .  

107R ......... 
Qo 
107 L ......... 

87R 

87 L 
o0 

1 7 7 t ~  . . . . . . . . .  

77R ......... 
177R ......... 

177 L 
77 L ..... 

177 L.. 

167R ......... 
67 R ......... 

167R ......... 

167 L .... 
67 L .... 

167 L.. 

Current. 

0 
q- 099 

0 
- 099 

0 
5- 197 

0 
- 197 

0 

+ 326 
0 

326 
0 

-t-" 483 
0 

- 483 
0 

5- 934 
0 

- -  934 
0 

+1149 
0 

- 1149 
0 

+ 565 
5-1298 
+ 565 

0 
-- 565 
- 1298 
--  565 

0 

+ 599 
+1493 
q- 599 

0 
- -  599 
--1493 
- 599 

0 

Corrected Readings. 

24O 
241 
241 
240 
240 
242 241~ 
2413 241 
238½ 2383 
239 239 

_ _ _ _ J  

245 245 
243 

235 235 
237 237 

2~o½ 25oi 
246 246 
228 228 
232½ 232½ 

f 

283¼ 2833 
264½ 264½ 
195¼ 1951 
214 214 

f 

3O6½ 307½ 
276~ 276~ 
172¼ 1711 
201½ 201 

238½ 
3253 325~ 

315½ 
286¼ 286 

237½ 
151½ 150~ 

160 
190½ 188¼ 

352~ 353 

299 299½ 

121~- 1211 

1743 174½ 

284 
265 
195¼ 
213~ 

3O7 
277 
171¼ 
201 

232½ 
353½ 
337½ 
300 
241½ 
121¼ 
136 
173½ 

232¼ 
353~ 
338~ 
301½ 

to 2007 ohms, which is one quarter of the first step in the 
table (from 1007R to 1007L), is 

y =  - "13 + "06 = - - '07  division. 
This is the step for which the coil was adjusted ; and the dif- 
ference between the calculated and observed (zero) value of y 
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238 Lord Rayleigh on the Behavlour of Iron and Steel 

is perhaps as small as could have been expected. I t  is fair to 
conclude that, i f  the compensating-coil could have been per- 
fectly adjusted for a very small step (the actual step was 
scarcely small enou h), tt~e uncompensated effects visible with g 
larger currents would have been expressible by a quadratic 
term simply. 

The currents (x) given in the tables arereduced to C.G.S. 
measure when divided by 10 s. On the same system the mag- 
netizing force is 

8"2 x 10 -4 x x ; 

so that the force due to the strongest current referred to in 
the table is 1"2 C.G.S., or about 7It.  When the current is 
reversed, the change of magnetic force is of course the double 
of this quantity. 

In extending the definition of susceptibility to cases in 
which the force is not very small, we might proceed in more 
than one way. I f  we take the ratio of the change of mag- 
netization to change of force when the force is reversed, we 
are following good authorities; and we get a definition which 
is at any rate consistent with the definition necessary when 
small forces are concerned. The values of k for different 
forces are not given by a direct comparison of the numbers in 
Table II. ,  since the magnetometer-scale is arbitrary ; but we 
may find for what force the susceptibility is (for example) the 
double of that applicable to infinitely small forces. 

TABLE II.  

Current, 
X. 

99 
197 
326 
483 
934 

1149 
1298 
1493 

Displacement, 

1 

3~ 
10 
224 
88½ 

136 
174 
231 

-0053x. 

0'52 
l'O 
1"7 
2"6 
4"9 
6"1 
69 
7'9 

--0"0053x. 
1'072x 2. +1.072x 2. 

1 '05 
4"2 

11-4 
25 "0 
93"7 

141 "5 
180"6 
238"9 

0"5 
3'2 
9"7 

22"4 
88'8 

135"4 
173"7 
231"0 

Diff. 

+0"5 
0 

+0"3 
-0"2 
--0"3 
+0.6 
+0'3 

o 

For  this purpose we must note that the conjoint effect of 
the magnetization due to current 50, simply applied or re- 
moved, and of the compensating-coil, was 8 divisions, of 
which half is due to each cause. The effect of the coil for a 
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under the OperaNon of Feeble Magnetic Forces. 239 

reversal of current 50 is thus 8 divisions, and being propor- 
tional to the current can be deduced for any other case. At 
the bottom of the table, where the current is 1493, the dis- 
placement rendered latent by the coil is thus about 240 divi- 
sions ; and since at ~his point the uncompensated displacement 
is nearly of the same amount, we see that the value of k (as 
above defined) is here doubled. Thus, if ~ denote the mag- 
netizing force in C.G.S. measure, we have 

k =  6"~ (1 +'82~). 

The form of the relations of k to ~ for small forces is pretty 
accurately demonstrated by the observations. On the other 
hand, the reduction to absolute measure is rather rough*--a 
point of less consequence, inasmuch as the constants may be 
.expected to vary according to the sample and condition of the 
iron. 

The observations in Table I. give a good deal more than the 
extreme range of magnetization duo ~o the reversal of a force. 
In all cases the two residual magnetizations (when the t'orco 
is zero) are recorded ; while in the two latter, where the range 
is greatest, further intermediate points are included. The 
results are plotted in Plate II.  fig. 2, where it will be seen 
that the curves star~ backwards in a horizontal direction after 
a maximum or minimmn of force. Special observations (not 
recorded in the table) were directed to this point. Neither at 
the maxima nor at the zeros of force was there any evidence 
of failure of compensation when a small backward movement 
was made. 

The curves do not differ much from parabolas; and in 
other cases, where the applied magnetic forces were all of 
one sign, I have found that after a large movement in one 
direction, the curve representing a backward movement 
coincides somewhat closely with a parabola whose magnitude 
is nearly the same under different circumstances, and which 
is placed so that its axis is vertical and vertex coincident with 
the point where the backward movement commences. The 
reader will not forget that to obtain the real curves fully ex- 
pressing the relation between magnetization and force, we must 
add the effect, proportional to the force, rendered latent by the 
compensating-coil. 

On the basis of this parabolic law we may calculate the 
influence of hysteresis in the magnetization of iron upon the 
apparent self-induction and resistance of the magnetizing- 
coil, when periodic currents of moderate power are allowed 

* In all probability the number 6'4, applicable when .~=O, is too 
small. 

D
ow

nl
oa

de
d 

by
 [

D
uk

e 
U

ni
ve

rs
ity

 L
ib

ra
ri

es
] 

at
 0

9:
42

 0
9 

M
ay

 2
01

2 



240 Lord Rayleigh on the Behaviour of Iron and Steel 

to pass. If  we reckon from the mean condition, we may 
express the relation between the extreme changes of magneti- 
zation and force by the formula 

3 , = a ~ , + f s )  ,2, . . . . . .  (~) 
where a and f are constants, corresponding with the 6"4 and 
6"4× "8 of the example given above. But no such single 
formula can express the relation for the rest of the cycle. 
When 2) is diminishing from ~ = ~ '  to ~ = - - 2 ) ' ,  

3 = a2) + fs) '~( 1 -  ½ ( 1 -  2)/2)')~}; 
but when 2) is increasing from 2)= - - ~ '  to P)=2)', 

3 = a s )  +/92),~{ - z + +(1 + ©/©')~}. 
These expressions coincide at the limits 2)= ±,~l, but differ 
at intermediate points. Since the force is supposed to be 
periodic, we may conveniently write 

= 2)' cos O ; 
whence, putting also for breviLy a / in place of a ~  t,/gt in place 
of ~$ff~, we get 

3 = £  cos Of lY{cos 0+½ sin ~ O} 

from 0 = 0  to 0=% 
= £  cos 0 +/9'{cos 0--½ sin s 0} 

from 0 = 7r to 0 = 2~r. 
We have now to express ~ for the complete cycle in 

Fourier's series proceeding by the sines and cosines of 0 and 
its multiples. The part 

a t cos 0 -f- Bit COS 0, 
being the same in the two expressions, is already of the 
required form. For the other part we get 

+_.~ sin~ O= B1 sin 0 + Ba sin 30 + B~sin 50+ . . . .  , (3) 
where only odd terms appear, and B~ is given by 

--4 
B .=  (n~_4) . . . . . . .  (4) 

Thus 
4 4 

~=(at + ~) cos O + f '  { 3~ sin O--l~Tr sin 30--l--~--5~r SiU 50--. . . } . (5) 

I f  the range of magnetization be very small, /9~ vanishes, 
and the influence of the iron upon the enveloping coil is 
merely to increase its self-induction ; but if /gr be finite, the 
matter is less simple. The terms in sin 30, sin 50, &c. indicate 
that ¢ho response of the iron to a harmonic force is not even 
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under the Operation of Feeble Ma#netie Forces. 241 

purel.y harmonic, but requires higher components for its ex- 
pression. I f  we put these terms out of account as relatively 
small, we must still regard the phase of 3 as different fi'om 
that of ~p. The term in sin 6 will show itself as an apparent 
increase in the resistance of the coil, due to hysteresis, and 
independent of that which may be observed even with very 
small forces as a consequence of induced era'rents in the 
interior of the iron. The augmentation of resistance now 
under consideration may be expected to be insensible when 
the extreme range of magnetizing force does not exceed one 
tenth of the earth's horizontal force. 

In the absolute determination (p. 235) of the susceptibility 
to very small forces of the hard Swedish iron wire (3"30 
millim, diameter), the length (about 100 diameters) was 
scarcely sufficient for an accurate estimate. Similar experi- 
ments on a thinner wire (1'57 millim, diameter) of the same 
quality of iron gave k=6"85, corresponding to/L=87. This 
is in the hard-drawn condition. After annealing the same 
piece of wire gave a higher result, but in this case the obser- 
vation is complicated by the assumption of the magnetic state 
occupying a sensible time. The susceptibility applicable to 
the final condition is as high as 22"0, more than three times 
as great as before annealing. Bat a lower number would 
better represent the facts, when the small magnetic force is 
rapidly periodic; and it may even be that under forces of 
frequencies such as occur in telephonic experiments, most of 
the difference due to annealing would disappear. Such a con- 
elusion is suggested by the slight influence of annealing in 
the experiment described in Part II., + where is determined 
the increment of resistance of an iron wire due to the concen- 
tration of a variable current in the outer layers. But the 
matter is one requiring further examination under better e):- 
perimental conditions. 

The sensitiveness of the magnetometer-needle in the ex- 
periments directed to prove the constancy of susceptibility to 
small forces, suggests the inquiry whether iron should be 
used when the object is purely galvanometric. An attempt 
to produce a sensitive galvanometer by hanging a mirror and 
needle between the pointed pole-pieces of a large electro- 
magnet, arranged as in diamagnetic experiments, was not 
very successful. A better result was obtained with an astarte 
needle system, and an electromagnet on a much smaller scale. 
This was of horseshoe form, the core being of hard Swedish 

* Phil. Mug. Dec. 1886, p. 488. 
Phil. Mag. S. 5. Vol. 23. No. 142. March 1887. S 
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242 Lord Rayleigh on the Behaviour of Iron and Steel 

iron wire 3"3 millim, diameter. The insulated copper wire was 
in three layers, of resistance "34 ohm, and the total weight of the 
electromagnet was 283 grams. It was held so as to embrace 
the upper needle system. When the time of swing from rest 
to rest was 4 seconds, the movement due to a current of about 

1 ampere was 100 divisions. The zero was steady enough 20,000 
to allow a displacement of half a division to be detected with 
tolerable certainty in each trial ; so that, as actually used, the 
arrangement was sensitive to a current of ¼ × 10 -6 ampere. 
The addition of a similar electromagnet embracing the lower 
needle system, and connected in series, would double the 
sensitiveness, and raise the resistance to '68 ohm. A galva- 
nometer thus constructed, and of resistance equal to 1 ohm, 
would show a current of 10 -~ ampere. Using finer wire, we 
might expect an instrument of 100 ohms to show a current of 
10 -s amper% and so on. 

For comparison with the above I tried, in as nearly as 
possible the same way, the sensitiveness of a~o td  Thomson 
asiatic galvanometer of resistance 1"3 ohm. an equal 
time of vibration, a current of ~0-~0 ampere produced a move- 
ment of 300 divisions. The zero was perhaps a little steadier 
than before ; but it will be seen that the sensitiveness was of 
the same order of magnitude. In both cases~ by taking pre- 
vautions and by using repetition, the delicacy might have been 
increased, probably tenfold. 

The experiments show that there is no dii~culty in con- 
structing a galvanometer of high sensitiveness upon these 
lines. According to theory, ~ith ideal iron of permeability 
100, it should be possible to attain a much higher degree of 
sensitiveness than without iron. But the tendency to retain 
residual magnetism would certainly be troublesome~ and pro- 
bably neutralize in practice most of the advantage arising 
from the higher permeability, which allows of windings more 
distant from the needles being turned to good account. Another 
inconvenience may be mentioned. I f  the iron poles are 
brought at all close to the needles~ there is a strong tendency 
to instability at moderate angles of displacement. 

Experiments already described proved conclusively that the 
response of iron and steel to small periodic magnetic forces is 
not affected by the presence of a constant force, or of a re- 
sidual magnetization, of moderate intensity. At the same time 
it appeared in the highest degree probable that the indepen- 
dence was not absolute, and that the response to a given small 
change of force would fall off as the condition o f "  saturation" 
is approached, even though we admit~ in accordance with 
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under the Operation of Feeble Magnetic Forcea. 243 

recent evidence, that saturation is attainable only in a very 
rough sense. The question was too important to be left un- 
decided, but it was difficult to deal with by the magneto- 
metric method. If  the arrangement is sensitive enough to 
allow the effect of the small force to be measured with reason- 
able accuracy, it is violently disturbed by the occurrence of 
high degrees of magnetization. Moreover it is undesirable 
to depend so much, as in this method, upon what may happen 
near the free extremities of the ~ron rod, where th,o, magnetic 
forces must vary rapidly. The ballistic method, in which 
the changes of magnetization are indicated by the throw of 
a galvanometer-needle in connection with a secondary coil 
embracing the central parts of the rod, has the great advan- 
tage for this purpose, that the reading is independent of the 
stationary condition of the iron. In the first experiments by 
this method the magnetizing helix was similar to one already 
described (p. 234); and the small, as well as the large, altera- 
tions of force were effected by varying the resistance of the 
circuit, t~y suitably choosing the resistances from a box, the 
small alterations of current could be obtained with sufficient 
suddenness by the simple introduction or removal of a plug, 
and weretaken of the same order of magnitude at different parts 
of the scale. A comparison of effects (with the aid of a table of 
reciprocals) proved that a pretty strong total force** or mag- 
netization did not interfere much with the response of the 
iron to a given force of small magnitude. 

This arrangement did not well allow of the investigation 
being pushed further so as to deal with stronger magnetizing 
forces. If, with the view of increasing the current, we cut 
down the german-silver resistance too closely, the estimate of 
total resistance depends too much upon the battery, and tha 
current becomes uncertain. This difficulty is evaded by the use 
of a double wire--one conveying the strong current, of which 
the measurement does not require to be very exact; the other 
conveying the weak current, of which the effect at different 
parts of the scale is to he examined. 

In order to obtain a satisfactory ratio of length to diameter, 
without the loss of sensitiveness that would accompany a 
diminution in the section of the iron, a helix was prepared 
of length 59"6 centim. It was wound upon a glass tube 
with a double wire in three layers, the whole number of turns 
of each Wire being 1376. The magnetizing force due to unit 
current in one wire is therefore 

4~" x 1376/59"6=290"1. 

• Up to about 6 C.G.S. The iron was unannealed Swedish, 8"3 millim. 
in diameter. 

82  
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244 Lord Rayleigh on th~ Behaviour of Iron and Steel. 

The resistance of each wire is 3"2 ohms; and thus when 
two Grove cells are used in connection with one of the wires, 
a current of about an ampere ('1 C.G.S.) can be commanded. 
Smaller currents wore obtained by the insertion of resistances 
from a box. 

Although the secondary coil, connected with a delicate 
galvanometer, contained a large number of convolutions, the 
sensitiveness was insufficient to allow of the small magnetizing 
force being taken as low as would otherwise have been de- 
sirable. I t  was obtained by means of the second wire of the 
helix, which was included in the circuit of a Daniell cell and 
200 ohms from a resistance-box. When the circuit was com- 
pleted (or broken) at a key, the force brought into operation, 
or removed, was 

290"1 
2040 = ' 1 4  C.G.S. 

In making a series of observations it was usual, after each 
alteration of the strong magnetizing force, to apply and re- 
move the small magnetizing force several times before 
attempting to take readings. 

The results obtained by this method were of a pretty de- 
finite character. The small force produced a constant effect 
upon a wire of unannealed Swedish iron, 3"3 millim, in 
diameter, until the large force was increased from 0 to about 
5 C.G.S. At  about 10 C.G.S. the effect of the small force 
fell off 5 per cent. The highest force used, about 29 C.G.S., 
reduced the effect to about 60 per cont. of its original amount. 
On complete removal of the force due to the Grove cells, there 
was but a partial recovery of effect, doubtless in consequence 
of residual magnetization. After the wire had been removed 
from the helix and well shaken, the small force was found to 
have recovered its full efficiency. 

The wire was then annealed and submitted anew to a similar 
series of operations. The magnetization duo to the alternate 
application and removal of the small force was found to be at 
first, i. e. in the absence of a constant force, twice as great as 
before *. 

The increase, however, is not long maintained, a steady force 
of 2 C.G.S. being already sufficient to cause a marked falling 
off (of about 20 per cent.). Under the operation of 29 C.G.S., 
the effect of the small force fell to about ~ of it~ original 

" It should here be remembered that any part of the change of mag- 
netization which lags behind for more than a second or two, fails to 
manifest i tseff fully in the indications of the galvanometer. 
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amount. Removal from the helix and shaking in a zero 
field sufficed to restore the wire to its initial condition. 

Similar experiments upon an annealed wire of " best spring 
steel '" showed no sensible change of effect when the steady 
force was varied from 0 to about 16 C.G.S. In this case the 
ratio of length to diameter was about 300. 

We may now regard it as established : -  
That in amj condition of force and magnetization, the sus- 

ceptibility to small periodic changes of force is a definite, and 
not very small~ quantity~ independent of the magnitude of the 
small change. 

That the value of the susceptibility to small changes of force 
is approximately independent of the initial condition as regards 
force and magnetization~ until the region of saturation is ap. 
2roached. 

Terling Place, Witham, Essex, 
Jan. 24, 1887. 

XXVI .  The Permanent and Temporar2/ Effects on some of the 
Ph3tsical Properties of Iron, produced by raising the Tempe- 
rature to 100 ° C. B~] HERBERT TOMLINSON, B.A. * 

Yntroduetion. 

F OR many years I have been carrying on researches re- 
specting the effects of stress on the physical properties of 

matter~ and during this period I have become acquainted with 
certain phenomena, which, though pertaining more or less to 
most metals, are so conspicuous in iron as to render it worthy 
of special attention. As these phenomena bear importantly on 
what Sir William Thomson has designated the thermodynamic 
qualities of metals, the investigation of which seems to be 
attracting daily more and more attention, I propose to lay 
before the Physical Society, from time to time, such informa- 
tion concerning them as a patient study has enabled me to 
acquire. 

On the present occasion I would invite attention to certain 
remarkable effects produced on some of the physical proper- 
ties of iron, by merely raising the temperature to a degree 
not exceeding 100 ° C. 

The Internal Friction of Iron. 
I f  an iron wire be suspended vertically with its upper extre- 

mity clamped to a rigid support, and its lower one clamped or 
soldered to the centre of a horizontal bar of metal, attached 

• Communicated by the Physical Society : read January 29, 1887. 
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