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[57] ABSTRACT

Magnetic alloys consisting of 68.0~73.0 weight %
manganese, (1/10 Mn - 6.6)~(3 Mn - 22.2) weight %
carbon, the balance aluminum, which show wasp-
waisted magnetic hysteresis loops with the ratio of the
residual magnetization 4771, to the intensity of magneti-
zation 4710000 in 2 magnetic field of 10000 Oe, 1./T;0000,
falling 0.0~0.2.

3 Claims, 1 Drawing Figure
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MAGNETIC ALLOYS HAVING WASP-WAISTED
MAGNETIC HYSTERESIS LOOP

BACKGROUND OF THE INVENTION

The present invention relates to magnetic alloys of
manganese-aluminum-carbon (Mn-Al-C) which show
wasp-waisted hysteresis loops.

The conventional alloys of Mn-Al-C were disclosed,
for example, in U.S. Pat. No. 3,661,567, etc.; and have
been put to practical uses as permanent magnets having
excellent magnetic characteristics. Their magnetization
curves represent a residual magnitization 471,( = Br) of
about 3000 G, coercive force SHc of about 15000 Oe
and the ratio of 471, to the intensity of magnetization in
the magnetic field of 10000 Oe, I,/1 0000, Of higher than
0.5, which are all high enough to give the magnetic
hysteresis loops of ordinary permanent magnets.

On the other hand, the magnetic alloys of Mn-Al-C of
this invention give magnetic hysteresis loops of the
shape shown in the accompanying graph which is en-
tirely different from the shape of the aforementioned
magnetic hysteresis loops of permanent magnets. This is
the so-called wasp-waisted magnetic hysteresis loop,
being a special magnetic hysteresis loop representing
low values of 471, and I,/Tp000, Which shows magnetic
hysteresis mainly in the first quadrant and the third
quadrant. These magnetic alloys virtually have no mag-
netic characteristics of permanent magnets, and have
quite different usages from those of permanent magnets.

The magnetic hysteresis loop called wasp-waisted
type, as shown, for example, in R. M. Bozorth, “Ferro-
magnetism” (1961), on pages 125 and 173, is hitherto
known to appear in the process of cold working of such
soft magnetic materials as Permalloys, Perminvars. Its
shape is like that of the hysteresis loops of ordinary soft
magnetic materials deflected to the first quadrant and to
the third quadrant, with the two deflected hysteresis
loops being joined to each other through a narrow or
nearly straight-line part. In the magnetic materials hav-
ing this characteristic, as the magnetic field is increased
from zero, the permeability abruptly rises in a certain
magnetic field, with the intensity of magnetization ap-
proaching 471 thereafter, as the magnetic field is con-
versely reduced, 471 initially diminishes gradually, and
then, abruptly falls down, before the magnetic field
reaches zero, so that a magnetic hysteresis loop may be
drawn within the first quadrant. Accordingly, 4xl,
takes a very low value, and I,I;also assumes a very small
value. Magnetic materials which show such wasp-
waisted magnetic hysteresis loops are used for current
limiters by utilizing the appreciable change of permea-
bility in varied magnetic fields, or their applications as
magnetic memories based on the utilization of this mag-
netic hysteresis loop have been devised.

SUMMARY OF THE INVENTION

The present invention provides magnetic alloys of
manganese-aluminum-carbon which show excellent
wasp-waisted magnetic hysteresis loops representing
1/T10000 Of 0.0~0.2, the ratio of the residual magnetiza-
tion, 471, to the intensity of magnetization in the mag-
netic field of 10000 Oe, 471,000, and 2 manufacturing
method of such alloys.

For magnetic alloys of Mn-Al-C of this invention, the
magnetic field required for achieving the saturation
magnetization runs as high as above several hundred
Oe, as compared with those for conventional materials

2

which fall within several tens Oe. Accordingly, the

* magnetic alloys of this invention, if utilized for current
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limiters, will make it possible to control such large cur-
rents as hitherto unmanageable, and their use as mag-
netic memories is feasible.

BRIEF DESCRIPTION OF THE DRAWING

The accompanying drawing depects a graph showing
the wasp-waisted magnetic hysteresis loop of the mag-
netic alloys of this invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The manufacturing method of conventional Mn-Al-C
alloys is as described hereunder, as per U.S. Pat. No. -
3,661,567:

The material mixed in a proportion falling within the
ranges of Mn69.5~73.0 weight % (hereinafter simply
indicated by %), Al126.4~29.5% and carbon 0.6~(1/3
Mn-22.2)%, is melted by heating it above 1380° C but
below 1500° C, thereby forcibly dissolving carbon, and
then, the molten metal is cast. The ignot thus obtained,
after being homogenized by heating it above 900° C, is
quenched by abruptly cooling it from the temperature
of higher than 900° C down to lower than 600° C at a
rate higher than 300° C/min, to forcibly dissolve car-
bon, thereby forming a nonmagnetic alloy of the hexag-
onal crystal structure phase, and then, this alloy is fur-
ther subjected to tempering treatment for an appropri-
ate period of time at a temperature of 480° C~650° C,
to transform it into an alloy of the tetragonal crystal
structure phase, being the magnetic phase. The Mn-Al-
C alloy magnet manufactured by this method has a
magnetic characteristic of (BH),n,» = 1.0 X 106 G.Oe.

On the other hand, the Mn-Al-C magnetic alloys of
this invention have been obtained on the basis of the
discovery of a new phenomenon that as they are trans-
formed from the hexagonal phase into the tetragonal
phase under the influence of an anisotropic stress, the
magnetic hysteresis loops of these alloys turn into the
wasp-waisted type. The manufacturing method is as
follows: An alloy with its composition ranges falling
Mn 68.0~73.0%, carbon (1/10 Mn -6.6)~(1/3 Mn -
22.2) %, the balance Al, is prepared by casting the
molten metal, and is then, quenched from a temperature
higher than 900° C at a cooling rate higher than 300°
C/min, thereby forming an alloy of the hexagonal
phase. Or after being homogenized by heating it at a
temperature higher than 900° C, the alloy is gradually
cooled at a rate of lower than 10° C/min in the tempera-
ture range above 830° C but below 900° C, and thereaf-
ter, is quenched from this temperature range, or it is
held for more than 7 minutes in the temperature range
above 830° C but below 900° C, and then, is quenched
from this temperature range, to obtain an alloy in which
the (hexagonal crystal structure + lamellar Mn;AIC)
phase is formed by precipitating Mn;AlC in the shape of
lamellae on the (0001) plane of the hexagonal crystal
structure. These alloys are, then, transformed into those
of the tetragonal crystal structure phase or the (tetrago-
nal crystal structure + lamellar Mn3;AlIC) phase by
tempering them at a temperature of 530~750° C under
the influence of an anisotropic stress. The designation of
the heat treatment for precipitating the lamellae of
Mn;AIC on the (0001) plane of the hexagonal crystal
structure, as described above, is abbreviated as M treat-
ment.
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The magnetic alloys of Mn-Al-C obtained by these
manufacturing methods show excellent wasp-waisted
magnetic hysteresis loops representing the values of
I,./Ilooooof 0.0~0.2.

EXAMPLE 1

A single crystal of the hexagonal crystal structure
phase of an Mn-Al-C alloy having a composition of Mn
72.11%, Al 26.86% and C 1.04%, as chemically ana-
lyzed, was formed. This single crystal of the hexagonal
phase was formed by heating the Mn-Al-C alloy at a
temperature above its melting point 1400° C to be
melted, then, solidifying the molten metal from one end
thereof by the Bridgman method, a conventional
method of forming single crystals, and furthermore,
holding it at 1150° C for 2 hours to homogenize it and,
thereafter, quenching it from this temperature at a cool-
ing rate of higher than 300° C/min. From the single
crystal of about 30mm diameter, an 8 mm square cubic
test piece to be pressured was so cut out as to have 3
faces (a), (b) and (c) making a right angle to each other;

a. a face perpendicular to the pressuring direction,

b. a face parallel to the crystal face containing the

pressuring direction and the axial direction [0001] of
the hexagonal crystal, and
c. a face making right angles to (a) and (b). This test
piece was tempered for 20 minutes, while applying
a pressure of 30 kg/mm?2at a temperature of 550° C
on an oil-hydraulic press machine in the direction
indicated by the angles of 8, = 50° and 8, = 0°. By
way of this tempering process under the influence
of the stress, the crystal phase was transformed into
the tetragonal phase. The pressuring direction men-
tioned above is defined by the angles of 6; and 6,,
0, indicating the angle made by the pressuring di-
rection and the axial direction [0001] of the hexago-
nal crystal, and @, the angle made by the projected

" axis of the pressuring direction on the (0001) plane
and the axial direction [1100]. 6; and 6, were so
chosen as to fall within the angle ranges of 0° = 0,
90° and 0° = 0, = 30°, taking into consideration the
symmetry of the hexagonal crystal. All the pressur-
ing directions which go outside the angle ranges
‘mentioned above may be substituted by the pressur-
ing direction which falls within the aforementioned
angle ranges because of the symmetry of the hexag-
onal crystal.

The shape of the test piece after undergoing the tem-
pering process under the influence of the stress is nearly
rectangular prism of 6.8 X 9.2 X 8.1 mm. In this test
piece, as compared with its shape before the treatment,
a shrinkage was recognized in the pressuring direction,
and a notable elongation in the direction corresponding
to, the direction being perpendicular to the pressuring
direction and being parallel to the plane containing the
[0001] axis of the test piece before undergoing the pro-
cess and the pressuring direction, while barely an elon-
gation was observed in another direction mutually at
right angles to these two directions, thus giving evi-
dence of anisotropy in elongation in the directions per-
pendicular to the pressuring direction.

As the magnetic hysteresis loops were measured with
this test piece in the aforementioned three directions
i.e., the pressuring direction, the direction at a right
angle thereto where its elongation was notable and the
direction also at a right angle thereto where its elonga-
tion barely occurred, the wasp-waisted magnetic hyste-
resis loop shown by the graph was obtained in the direc-
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tion where the elongation was notable. The magnetic
characteristics were found out to be:

4mTi0000 = 6950 G,
4wl = 200 G,
1,,110000 = 0.03,

and

I/201, =155

where I; was determined from the equation of Iy =
[4mIR) — 4wI(S))/ 4w, with the points on the magnetic
hysteresis loop which give a value $ of 470, as
shown in the graph, represented by P and Q, and the
intersecting points between the perpendicular bisector
of the straight line PQ and the magnetic hysteresis loop
by R and S, and assuming the intensities of magnetiza-
tion at the points R and S respectively to be 47I(R) and
47I(S), and 1,/21, was written as indicating the degree
of the magnetic hysteresis in the first quadrant of the

wasp-waisted magnetic hysteresis loop. Accordingly,

the larger the value of 1,/2],, the more excellent is the
wasp-waisted hysteresis loop, this value being in reality
desired to be higher than 2, while the more excellent
magnetic hysteresis loop is obtained at the smaller value
of 1,/Ti0000, desirably lower than 0.2 in reality.

The magnetic hysteresis loops in the two directions,
i.e., the pressuring direction and the direction where

. barely a deformation occurred, both were found to be
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not the wasp-waisted magnetic hysteresis loops, being
nearly straight line in shape representing 410000
1900 G and 471,~0 G and showing almost no magnetic
hysteresis.

Then, with single crystals of the hexagonal phase
formed by different methods, the similar experiments as
that described above were conducted. The chill mold
method with the solidification made from one end and
the recrystallization method in which the test piece is
held for more than 12 hours at a temperature higher
than 1100° C but lower than its melting point were tried
as the forming methods. By whichever method, poly-
crystals of large grain sizes were obtained, and from
them, 3 ~ 5 mm square cubic test pieces of single crys-
tals of the hexagonal phase could be cut out. As the
experiments of transformation under the influence of
the stress were carried out with these test pieces in the
similar manner as described previously, the graphs ob-
tained showed the wasp-waisted magnetic hysteresis
loops.

EXAMPLE 2

- A single crystal of the hexagonal phase having a com-
position of Mn72.05%, Al 26.85% and C 1.10%, as
chemically analyzed, was formed in the similar way as
in Example 1, and after undergoing the M treatment of
holding at 830° C for 30 minutes, this single crystal was
quenched from this temperature at a cooling rate of
higher than 300° C/min. The test piece after being
quenched was found to be a single crystal of the hexag-
onal phase containing the lamellae of Mn;AIC, with
Mn;AIC precipitated on the (0001) plane of the hexago-
nal crystal in the shape of lamellae, as observed under
an optical microscope and analyzed by the X-ray dif-
fraction. : :

As the 10 mm square cubic test piece cut out from the
single crystal of the (hexagonal crystal + lamellar
Mn;AIC) phase was subjected to the treatment of the
tempering under the influence of the stress in the similar
manner as in Example 1, a magnetic alloy obtained had
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the same shape of the test piece as that of Example 1 and
gave the wasp-waisted hysteresis loop in the direction
where the elongation was notable superior to that of
Example 1. Its magnetic characteristics were found to
be: '

47 Loy = 6900 G,

471 =100G,

I/ g0 = 0.01,
and

1./ 21, = 285.

EXAMPLE 3

A single crystal of the hexagonal phase having a com-
position of Mn 71.95%, Al 27.07% and C 0.98%, as
chemically analyzed, was formed in the similar manner
as in Example 1, and the test piece cut out from this
single crystal was subjected to the treatment of the
tempering under the influence of the stress, with such
conditions as the tempering temperature, etc., varied.
The result showed that the period of time of tempering
suitable for obtaining the excellent wasp-waisted mag-
netic hysteresis loop differs, depending on the temper-
ing temperature e.g., the period of time required at 530°
C was 60 minutes, and at 750° C 2 minutes, showing the
tendency of shortened time with rising temperature.

In Table 1, the values of 4 7 10000, I/Ii0000and I,/21,
obtained when the test pieces were subjected to the
treatment of the tempering under the influence of the
stress, with the temperature varied and held for the
periods of time suitable to the respective temperatures,
while applying the pressure of 30 kg/mm?in the direc-
tion of 8, = 50° and 8, = 0°, are shown. Because the
magnetic hysteresis loop having its Q point in the sec-
ond quadrant of the graph is not of the wasp-waisted
form, however, the value of 1,/21, was not listed.

As the tempering temperature was varied, within the
temperature range of 530° ~750° C, the graphs showed
excellent wasp-waisted hystereses loops representing
the values of I,/1;gp Of smaller than 0.1 and the values
of 1,/21, of larger than 4, and especially, within the
temperature range of 530°~670° C, very excellent
wasp-waisted magnetic hysteresis loops representing
- the values of I/, Of less than 0.03 and the values of
14/21,0f more than 10. At temperatures lower than 500°
C, the value of 1,/g000 Was larger than 0.3, and the value
of 4 7 I o000 ran low, while at temperatures higher than
800° C, the wasp-waisted magnetic hysteresis loop was
not obtained.

Table 1
Tempering
temperature -
(4] 471 10000(G) /L1000 Ly/21,
500 3300 0.37 1.1
530 6850 0.03 13.0
600 6850 0.02 18.7
670 6700 0.03 11.5
750 6200 0.09 2
800 5750 0.78 —

Then, the test pieces were subjected to the treatment
of the tempering under the influence of the stress at 550°
C for 20 minutes, by changing the pressure within the
range of 10~ 60 kg/mmzZin the direction of 6, = 50° and
0, = 0°. The result was that within the pressure range of
15~50 kg/mm?, wasp-waisted hysteresis loops repre-
senting the values of I,/ of smaller than 0.2 and the
values of I,/2],]arger than 2 were obtained, but at pres-
sures lower than 10 kg/mm? and pressures higher than

6

60 kg/mm?, the wasp-waisted hysteresis loops were not

" achieved.
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In the next place, the test pieces were subjected to the
treatment of the tempering under the influence of the
stress at a temperature of 550° C and for a period of time
of 30 minutes, with a pressure of 30 kg/mm? applied in
varied directions. When the pressuring direction fell
within the angle ranges of 35° = 6; = 70° and 0° = 0,
= 15°, wasp-waisted magnetic hysteresis loops repre-
senting the values of I,/Ijgen0 Of less than 0.2 and the
values of I,/21,0f more than 2 were obtained, but when
the pressuring direction was beyond the limits of angles
mentioned above, the value of 1,/I;g0 ran above 0.3,
giving only magnetic hysteresis loops which showed
slight separations or those which were not of the wasp-
waisted form.

Furthermore, the single crystal test pieces of hexago-
nal phase containing the lamellae of Mn;AlC which had
been subjected to the M treatment of Example 2 were
subjected to the treatment of the tempering under the
influence of the stress, with such conditions as temper-
ing temperature varied similarly as in the case described
above. The result was that with these test pieces also,
when the tempering temperature fell within the range of
530°~750° C, the pressure within the range of 15~50
kg/mm?, and the pressuring direction 35° = 6, = 70°
and 0° = @, = 15°, respectively, wasp-waisted magnetic
hysteresis loops representing the values of I,/Ijg000 of
less than 0.2 and the values of 1,/2I,0f more than 2 were
obtained. When the comparison of the values of I,
/Y0000 Was made between test pieces containing the
lamellae of Mn;AIC and the aforementioned test pieces
not containing them, the tendency was recognized that
the test pieces containing the lamellae of Mn;AIC give
rather smaller values, and are a bit superior in separa-
tion.

EXAMPLE 4

Single crystal test specimens of hexagonal phase of
Mn-Al-C alloys having different compositions of Mn,
Al and C were formed by the similar method as that of
Example 1, and these test specimens were subjected to
the tempering under the influence of the stress for 1 ~60
minutes by applying thereon a pressure of 15~50
kg/mm?at a temperature of 530°~670° C in the direc-
tion of §; = 50° and 8, = 0°. The results obtained were
as follows: ' _

In Table 2, the compositions determined by chemical-
analysis and the values of 4 7 Lyop00, I/I10000 and I./21,
are respectively listed. With Mn-Al-C alloys with their
compositions falling within the ranges of Mn
68.0~73.0%, C(1/10 Mn - 6.6 ) ~ (3 Mn - 22.2)%, the
balance Al, the test specimens underwent changes in
shape due to the transformation under the stress -, and
particularly, the anisotropic elongation was recognized
in the directions at right angles to the pressuring direc-
tion. .These test pieces all showed excellent wasp-
waisted hysteresis loops representing the values of I,.
/10000 Of less than 0.2 and the values of 1,/21, of more
than 2 in the direction where the elongation was nota-
ble. Especially with alloys with their compositions fall-
ing within the ranges of Mn 70.0~72.2% , C(1/10 Mn_
- 6.6 )~(3 Mn - 22.2)%, the balance Al, very excellent
magnetic wasp-waisted hysteresis loops representing
the values of I,/I;g0 Of less than 0.05 and the values of
I,/21, of more than 8 were obtained.

On the other hand, it was confirmed through observa-
tions of optical microscopy and by way of the X-ray
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diffraction that there existed in abundance the 8 -Mn
phase in alloys with Mn more than 73.0% and the
AIMn(r) phase in alloys with Mn less than 68.0%, re-
spectively, and large amounts of the [3-Mn + AIMn(r)]
phase existed in alloys with C less than (1/10 Mn -
6.6)%.

Accordingly, all of these alloys gave such low values
of 471,000 as less than 3000 G, and showed no wasp-
waisted hysteresis loops. In alloys with C more than (3
Mn - 22.2)%, the precipitation of ALC; was observed
under an optical microscope. Since ALC; undergoes
hydrolysis in the presence of moisture, the phenomenon
of decay was recognized in alloys containing ALC;.

Furthermore, with alloys of such compositions that
the wasp-waisted hysteresis loops were not obtained,
the graphs failed to show the wasp-waisted hysteresis
loops even when they were subjected to the tempering
under the influence of the stress, with the pressuring
direction varied.

Then, single crystal test pieces having compositions
determined by chemical analysis of Table 2 which had
been subjected to the M treatment were tempered under
the influence of the stress similarly as in the previous
case. The results obtained were nearly the same as those
listed on Table 2. Thus, wasp-waisted hysteresis loops
representing the values of I,/Tjo000 Of less than 0.2 and
the values of I,/2I, of more than 2 were obtained with
alloys of compositions falling within the ranges of Mn
68.0~73.0%, C(1/10 Mn - 6.6)~(3 Mn - 22.2) %, the

balance Al
Table 2
Composition determined )
by chemical analysis Magnetic characteristics
Mn(%) Al(%) C(%) A4mloo(G) I/Miwo 1212,

72.02 27.43 0.55 2000 0.53 —
69.77 30.04 0.19 1400 0.51 —
73.44 25.53 1.03 2700 0.66 —_
72.89 25.86 1.25 6150 0.08 5.5
72.16 26.64 1.20 6800 0.03 14.0
70.03 29.04 0.93 6900 0.05 8.1
68.14 31.41 0.45 5800 0.15 29
67.63 32.17 0.20 2550 0.50 —_
70.78 21.77 1.45 4400 0.65 —
6?.90 28.77 1.33 4200 0.70 —_

~ The-examples described hereabove clarified the fact
that when single crystals of the hexagonal structure or
those of the hexagonal structure containing lamellae of
Mn;AIC of Mn-Al-C alloys with their compositions
falling within the ranges of Mn 68.0~73.0%, C(1/10
Mn - 6.6)~(3 Mn - 22.2 )%, the balance Al are tem-
pered under the influence of the stresses at temperatures
of 530~750" C, the graphs of their magnetic character-
istics obtained with them show excellent wasp-waisted
magnetic hysteresis loops representing the values of
1,/1100000f 0.0~0.2 and the values of 1,/2],0f larger than
2

.Furthermore, polycrystalline bars of Mn-Al-C alloys
composed of hexagonal phase or hexagonal phase con-
taining lamellae of Mn;AIC of the above mentioned

composition ranges were tempered under the influence

. of the stress at temperatures falling within the above
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mentioned temperature ranges, while applying tensile
stresses on these bars in their axial direction. Then, it
was made evident that wasp-waisted magnetic hystere-
sis loops representing the values of I,/I;0000 of 0.1 ~0.2
and the values of 1,/21,0f 2 ~4 are obtained in the axial
direction of the bars, and that even with polycrystals,
the wasp-waisted magnetic hysteresis loops are
achieved by the treatments of the tempering under the
influence of the stress such as various kinds of plastic
deformation with transformation.

Further still, the measurements of magnetic hysteresis
loops conducted with test pieces in thin sheets of 50 p
thickness which were cut off from the alloys tempered
under the influence of the stress as in Example 1 and
with test pieces in thin sheets of about 10 p thickness
each of which was formed by stripping the surface of
the alloy tempered under the influence of stress of Ex-

‘ample 2 corresponding to the (0001) plane, as defined

before it was tempered, all gave wasp-waisted hystere-
sis loops representing the values of I/Ipo00 Of smaller
than 0.2 and the values of 1,721, of larger than 2.
What we claim is:
1. A worked and heat-treated alloy product having a
wasp-waisted magnetic hysteresis loop prepared by
tempering an alloy composition consisting essentially of

" 68.0 to 73.0% by weight of manganese, (1/10 Mn -

6.6)% to (3 Mn - 22.2)% by weight of carbon and the
remainder aluminum, said alloy having a hexagonal
crystalline structure, at a temperature of from 530° to
750° C under an anisotropic stress of from 15 to 50
kg/mm? until the hexagonal crystalline structure of the

5 alloy is transformed into a tetragonal crystalline struc-
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ture; said alloy product thus-prepared, exhibiting a mag-
netic hysteresis loop in a wasp-waisted form such that
the 471,000 value is at least 5800 G wherein 410000
represents the intensity of magnetization in a magnetiz-
ing force of 10000 Oe and such that the value of the
ratio Id/2Ir is more than 2 wherein Id represents the
value of [47I(R) —47K(S)}/4m; 47wI(R) and 47I(S) rep-
resent the intensity of magnetization at the intersecting
points R and S of the wasp-waisted hysteresis loop and
the perpendicular bisector of the line PQ, respectively
as shown in the graph of the drawing; P and Q each
represent points which give a half value of 477110000 and
I represents the residual magnetization divided by 4.

2. A product of an alloy having a wasp-waisted mag-
netic hysteresis loop according to claim 1, wherein the
alloy composition consists essentially of 70.0 to 72.2%
by weight of manganese, (1/10 Mn - 6.6)% to (3 Mn -
22.2)% by weight of carbon and the remainder alumi-
num.

3, A product of an alloy having a wasp-waisted mag-
netic hysteresis loop according to claim 1, wherein the

alloy contains lamellae of the compound Mn;AIC.
* & % % *
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