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A uniform maximum temperature of 1100° C. (actually, 1098° to 1107°) was 
adopted, and the specimens were each heated under the same conditions so as 
to be comparative. In cooling, the presence of critical points at relatively 
low temperatures in the alloys with the higher percentages of manganese 
rendered it necessary to take a second cooling curve at a most rapid rate, so 
that the cooling was not unduly slow at the lower temperatures, with risk of 
masking to some extent the critical points.

For the purpose of determining the magnetic transformations a separate 
heating of the specimens was made, inside a refractory tube wound with a 
magnetising coil of ^on-magnetic nickel-chromium alloy wire, the whole being 
placed in an electric furnace. A magnetising field of 15 c.g.s. was employed.

To observe the magnetic condition of the specimen, it was surrounded by 
a secondary coil of the same wire, wound on a silica tube, this tube being inside 
that supporting the primary winding. Side by side with this secondary coil 
was a similar one, and both were connected in series, but magnetically opposed, 
with a ballistic galvanometer. With no magnetic material in the furnace, 
making or breaking the magnetising current produced no kick in the galvano
meter, whether the furnace heating current was on or off. With the specimen 
inside one of the secondary coils, the magnitude of the kick on the galvano
meter, when the magnetising circuit was opened or closed, was therefore pro
portional to its magnetic induction for a field of 15 c.g.s. In this way, during 
the heating and cooling of the specimens, a series of observations was made 
and plotted, resulting in the curves shown in the diagrams. For each material 
the temperature of loss and regain of magnetism was in this way determined 
with sufficient clearness.

A further indication was obtained by applying a permanent magnet to the 
specimens during heating and cooling. With practice the loss of magnetism 
on heating, and its return on cooling, could readily be detected by the pull 
of the magnet. The indications obtained in this way are obviously not so 
reliable as those determined by the induction method. In general, the tem
peratures indicated by the magnet are rather lower, no doubt owing to a larger 
degree of magnetisation being necessary to affect it. For the determination 
of the induction curves the rate of heating and cooling was five seconds per 
1° C., and for the hand magnet tests, ten seconds per 1° C. The maximum 
temperature in both cases was about 810° C.
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128 Sir Pv. Hadfield.

3,—Experimental Data and Discussion of Results.
The diagrams, figs. 1 and 2, show for all the magnetic alloys, that is, up to 

14-30 per cent, manganese, a reversible magnetic transformation, at practically 
the same temperature as the A2 magnetic change in iron. The temperature 
at which this change occurs in the present alloys on heating is from 765° to 
780°, and on cooling from 767° to 776°.

As regards heating, this one critical change is all that is noticeable, and 
this applies also to the cooling for the alloys up to 3-95 per cent, manganese. 
For these the magnetism, after a slight fall of temperature below the critical 
point, reaches practically its full value and remains more or less constant 
down to room temperature. With the other magnetic alloys of 6-75 per cent, 
manganese and upwards to 14-30 per cent., however, on cooling below the 
reversible magnetic change point the magnetism after reaching a maximum 
falls off again with decreasing temperature until a second critical temperature 
is reached, at which there is a further recovery. This recovery is maintained 
and increased until, when room temperature is reached, the specimen has 
regained approximately its original magnetic value. The magnetic changes in 
these alloys are naturally smaller in magnitude generally than for the more 
magnetic alloys with less manganese, and diminish in strength as the man
ganese content increases.

This second and lower critical magnetic change point appears in alloy C/2 
(6-75 per cent, manganese) at 315°, and is progressively lowered with increase 
in manganese to about 100° in alloy E (12-95 per cent, manganese), becoming 
at the same time much weaker. In alloy E/3 (14-30 per cent, manganese) 
no such critical point is discernible. This is only to be expected in view of 
the feebly magnetic qualities of the material. I t  is interesting to note that 
this material E/3, although never displaying magnetism to a high degree, is 
more strongly magnetic at about 600° than at room temperature.

Specimen G (17-10 per cent, manganese), as on heating, gives no indication 
of magnetism at any temperature on cooling.

A noticeable feature in these magnetic determinations was the fact that 
this lower magnetic change point was not fixed, but in all cases on repetition 
appeared at a rather lower temperature. Thus in E (12 • 95 per cent, manganese) 
during the cooling following the seventh heating it appeared at 150°. In the 
eighth cooling the temperature was 100°. Check tests on specimen D (9-45 
per cent, manganese) with the hand-magnet gave 220° and 205° in the third 
and fourth coolings respectively, while with C/2 (6-75 per cent, manganese) 
the temperatures were 300° and 295° in the fifth and sixth coolings.

 on April 26, 2018http://rspa.royalsocietypublishing.org/Downloaded from 

http://rspa.royalsocietypublishing.org/


Thermal Changes in Iron-Manganese Alloys. 129

For this reason the serial number of each heating and cooling is indicated 
against all the curves in the diagrams. Whether such alteration is due to a 
physical change caused by repeated heating, or to a reduction by oxidation in 
the already small carbon content, has not yet been investigated. No such 
variation occurs in the position of the upper magnetic transformation, which 
remains fixed at closely the same temperature with repeated heating. Thus 
with specimen E (12*95 per cent, manganese) in the eighth cooling, in which 
the lower magnetic change had shifted through 50°, the upper magnetic change 
was found at 770°, as in the seventh cooling.

I t  will now be interesting to examine how far these magnetic changes are 
associated with thermal evolutions shown by the inverse rate curves (fig. 1). 
For alloys A and B only one point appears clearly, but a slight though definite 
protuberance seen on the curves seems to indicate a further thermal trans
formation in each material. The upper of these two points seems to be the 
Ac3 change progressively lowered in temperature from 903° to 802° with 
increase of manganese from 0 • 06 to 3 • 95 per cent. The lower point is evidently 
associated with the Ac2 change agreeing reasonably well in temperature with 
the observed loss of magnetism.

With further increase in manganese to 6*75 and 9*45 per cent, only one 
absorption of heat is observed, ending at 752° and 730° respectively, as might 
be expected from the further lowering of Ac3, thus bringing down with it Ac2.

With 12*95 and 14*30 per cent, manganese, although these alloys have 
magnetic transformations, no corresponding indications are seen in the inverse 
rate curves. The latter, however, displays a critical point at as low as 264°. 
On repetition a similar point was found at 230°.

In the inverse rate curves for cooling (fig. 2), it is curious to find that none 
of these except that for A (1*68 per cent, manganese) gives any indication 
corresponding to the upper (reversible) magnetic change. The lower magnetic 
change seen in the magnetic alloys from 6*75 per cent, manganese upwards 
is, on the other hand, associated with an evolution of heat, diminishing in 
intensity with increase of manganese. This evolution is discernible up to 14*30 
per cent, manganese, although the magnetic change could not be detected 
above 12*95 per cent.

The curve for D (9*45 per cent, manganese) shows a curious doubling of 
the heat evolution which is also slightly but definitely reflected in the curve 
of magnetism. Generally this examination of the magnetic alloys of this 
series leads to the following conclusion. The Ac3 point, while being lowered 
as the result of increasing manganese, in due course reaches the temperature

v o l . cxv.—A. K
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130 Sir R. Hadfield.

(about 770° C.) of the Ac2 magnetic change, and possibly brings down with it 
the absorption or evolution of heat associated with the latter change. It, 
however, leaves undisturbed the actual magnetic change, which remains 
reversible. On cooling, and where Ar3 has passed below 770° C. it is accom
panied by a separate magnetic transformation ; the magnetism which has 
been restored at 770° C. and has fallen away again with lowering temperature, 
returns more or less completely at Ar3. Curiously no corresponding change 
takes place on heating, that is Ac3 is devoid of magnetic change while it is 
below 770° C.

In this connection, however, the behaviour of alloy B (3-95 per cent, man
ganese) should be specially noted. Its single evolution of heat at about 500° C. 
on cooling is unaccompanied by any noticeable magnetic change. This alloy 
is distinguished from the alloys of higher percentage in that although Ar3 is 
below 770° C., Ac3 is above the magnetic change on heating; although this 
does not supply an obvious explanation for its different behaviour, it may be 
that for a separate magnetic change to be associated wTith Ar3 on cooling, the 
Ac3 change should precede the magnetic change on heating. The magnetic 
behaviour of these alloys of iron and manganese during heating and cooling is, 
in fact, so interesting and unusual as to justify further investigation.

On the general question of the non-magnetic qualities found in the alloys of 
iron and manganese of the higher percentages, it seems clear from the present 
tests and from the magnetic examination recorded in the previous section, 
that the loss of magnetism which occurs when the manganese reaches about 
16 per cent, is the culminating point of a progressive reduction in the magnetic 
quality with increase of manganese—not merely as found at ordinary tem
perature, but at all temperatures.

I t  has been too readily assumed by some writers that the magnetic trans
formation, in its downward course with increasing manganese, passes below 
atmospheric temperature ; hence the alloys of higher percentage above where 
this occurs are naturally found at ordinary temperatures to be non-magnetic. 
On the contrary, as was shown in the joint research referred to by Onnes, 
W oltjer and the present author, this explanation cannot be correct, since no 
evidence of transformations below ordinary temperature was found, that is, 
for iron manganese alloys. With iron nickel alloys, on the other hand, mag
netic transformations did occur with immersion in liquid air.

In the present research it seems clear that the magnetic strength of the 
alloys becomes progressively weaker with increase of manganese, and the final 
transformation also as a consequence diminishes in intensity, finally vanishing
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before 17 • 10 per cent, manganese is reached, and also before this transformation 
has reached ordinary temperature.

I t  remains to refer to the alloys of specially high percentage J  and I. Like 
G (17*10 per cent, manganese) which is also non-magnetic, J  (61*50 per cent.) 
is devoid of critical points in its inverse rate curves, and it was not thought 
worth while to examine it for magnetic changes which are absent from G. 
In I (83*50 per cent, manganese) appear corresponding critical points on its 
heating and cooling curves at 800° and 710° respectively, apparently quite 
unconnected with those observed in the alloys containing the lower percentages 
of manganese. The actual nature of the change represented by these critical 
points has not so far been examined, though possibly it has its origin in some 
transformation occurring in the metal manganese itself.

4.—Conclusion.

The author trusts that the data obtained in this research regarding the 
thermal changes in the alloys of iron and manganese will be found helpful 
towards explaining their special characteristics.

The suggestion that the non-magnetic properties of the alloys of iron and 
manganese of the higher percentages, and indeed of manganese steel itself, 
are in some way due to actual combination between the iron and the man
ganese is, it will be understood, put forward in quite a tentative manner. In 
no other way does it seem possible at present to account for the practically 
complete suppression of the magnetism of the iron in such alloys. Explana
tions on the basis of allotropy of the iron are, as has been shown, quite in
adequate ; the allotropic changes of iron have in fact disappeared in these 
alloys. On the other hand, chemical combination of iron with other elements, 
it is known, does commonly affect its magnetic qualities, as also many of its 
other properties. For example, as is well known, while the oxide of iron 
Fe30 4 is magnetic, although not to the same degree as iron itself. Ferrous 
oxide, FeO, is non-magnetic. Further in the joint paper by the late Professor 
B. Hopkinson and the author on “ The Magnetic Properties of Iron and its 
Alloys in Intense Fields,” it was shown that iron carbide, Fe3C, is about 
two-thirds as magnetic as pure iron. The double carbide, also of iron and 
manganese separated from manganese steel, was found by the author to be 
quite non-magnetic.

I t  is thus not unreasonable to suppose that manganese may effect a similar 
change in the magnetic qualities of iron even to the extent of their complete 
extinction, through the same medium of chemical combination. The suggestion
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naturally does not in any way constitute an explanation in the true sense of 
the term. Granted the correctness of the suggestion, the explanation lies 
primarily in the answer to the still unsolved and fundamental question of 
why iron, nickel and cobalt exhibit ferromagnetism while other elements 
do not.

Without such knowledge it is obviously difficult, if not impossible, to indicate 
the actual mechanism by which such ferromagnetic properties become modified, 
when these elements are brought into association with others. The question 
thus becomes one essentially for the physicist or physical chemist. Professor 
Weiss, of Zurich, by his conception of the “ magneton,” which has formed 
the basis of much further work by others, did much towards probing the nature 
of ferromagnetism, and it is perhaps not too much to hope that we may, in the 
not too distant future, be led to a complete understanding and solution of 
this hitherto somewhat baffling problem .

In conclusion, the author desires to express his best thanks to Mr. S .A. Main, 
B.Sc., F.Inst.P., Mr. W. J. Todd, A.Inst.P., and Mr. A. Stevenson, who have 
with so much painstaking care assisted him in carrying through this laborious 
research.
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