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[57] ABSTRACT

A ternary permanent magnet alloy which is composed of 69.5
to 73.0 percent by weight of Mn, 26.4 to 29.5 percent by
weight of Al and 0.6 to (1/3 Mn—22.16) percent by weight of
C, and primarily consists of a body-centered tetragonal struc-
ture phase, and which has magnetic characteristics of BHmax
=1.0%10¢ G.Oe, Br=2800 G. and BHc = 1400 Oe., excel-
lent magnetic stability, mechanical properties, weather re-
sistance and corrosion resistance, and are not susceptible to
spontaneous disintegration in the atmosphere.

1 Claims, 6 Drawing Figures
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MAGNET ALLOYS
CROSS-REFERENCE TO RELATED APPLICATION

The present application is a Continuation-in-Part applica-
tion of Ser. No. 429,260 filed Feb. 1, 1965 , now abandoned.

BACKGROUND OF INVENTION

The present invention relates to. manganese-aluminum-car-
bon (Mn-Al-O) ternary alloys which have excellent magnetic
characteristics, corrosion resistance, stability and mechanical
properties to be used as a permanent magnet.

Conventional Mn-Al binary alloys have a potential utility as
a magnet material but their properties are not sufficiently
satisfactory for practical use as a magnet material. For in-
stance, an alloy composed of about 72 percent by weight of
Mn and about 28 percent by weight Al, when transformed
from the hexagonal crystal structure of e-phase, which
emerges at elevated temperatures, into the tetragonal crystal
structure of metastable phase (y-phase), by subjecting it to a
suitable heat treatment, exhibits ferromagnetism and tenta-
tively shows the properties suitable for use as a permanent
magnet. However, the BHmax value of the alloy is not greater
than about 0.6 X 108 G.Qe. and, in addition, because of its
magnetic phase being a metastable phase, the alloy is poor in
stability as well as in mechanical properties, so that it is entire-
ly unserviceable for practical applications. There have also
been known Mn-Al-C ternary alloys of body-centered
tetragonal system containing 2.0 to 5.5 percent by weight of
carbon and 0.4 to 15.5 percent by weight of aluminum, but
these alloys have magnetic characteristics which are only as
good as to be used as a substitute for nickel which does not
shows the properties required for permanent magnet at all,
and thus are not adapted for use as a material for permanent
magnet.

SUMMARY OF INVENTION

The object of the present invention, therefore, is to provide
a novel permanent magnet material which has excellent mag-
netic characteristics, stability, mechanical properties and cor-
rosion resistance, and which primarily consists of 2 Mn-Al-C
ternary alloy, by incorporating into the conventional Mn-Al

binary alloy carbon as the third element, to thereby convert.

said binary alloy into a ternary alloy within a specific composi-
tion range so as to improve the magnetic characteristics of the
binary alloy drastically.

More specifically, the present invention relates to a magnet
material which is composed of 69.5 to 73.0 percent by weight
of Mn, 26.4 to 29.5 percent by weight of Al and not less than
0.6 percent by weight but not more than 166 Mn—22.16 per-
cent by weight of C, and which consists primarily of a body-
centered tetragonal crystal structure phase which is stable
with a sufficient amount of carbon dissolved therein in the
solid state, or is unsusceptible to decomposition into a low
temperature phase; and has for its object the provision of a
permanent magnet material which has an excellent maximum
energy product (BHmax), residual magnetic flux density (Br)
and coercive force (BHc), and is also excelling in the other
properties essential for a permanent magnet, such as magnetic
characteristics, stability and mechanical properties. Namely,
according to the present invention, there is provided a new
permanent magnet material consisting primarily of a Mn-Al-C
ternary alloy which has excellent magnetic characteristics, i.e.
BHmax = 1.0 X 106 G.Qe., Br = 2,800 G. and BHc =
1,400 Oe., and excellent stability and mechanical properties.

Another object of this invention is to provide a permanent
magnet material which is completely free from disintegration
in the atmosphere caused upon hydrolysis of aluminum car-
bides, e.g. Al, C;, by the water present in air in the case where
a ternary alloy constituting a magnet material contains an ex-
cessive amount of carbon therein, and which therefore has an
excellent corrosion resistance.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram illustrating the compositions of the mag-
net alloys used in the example of the present invention;

FIGS. 2 to 4 inclusive are diagrams illustrating the relation-
ship between the composition of the alloys and the magnetic
characteristics thereof, in which FIG. 2 is a BHmax equivalent
value curve, FIG. 3 is a Br equivalent value curve and FIG. 4 is
a BHc equivalent value curve;

FIG. 5 is a diagram illustrating the compositions of the mag-
net alloys according to this invention; and

FIG. 6 is a diagram illustrating the relationship between the
carbon amount in the magnet alloys and the Curie point of
said alloys.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The Mn-Al-C alloys used in the experiment were selected
from those whose compositions fall in the range defined by
points A, B, C, D, E and F in FIG. 1 and were composed of 69
to 73 percent (by weight and so hereinafter) of Mn, 26 to 30
percent of Al and 0.5 to 2 percent of C. Within these ranges of
the respective elements, a total of 62 sample alloys were
prepared while varying the Mn and Al contents by 0.5 per-
cent and the C content by 0.2 percent from one sample to
another. Namely, the sample alloys were prepared for each of
the carbon contents consisting of 0.5, 0.7, 0.9, 1.1, 1.3, 1.5,
1.7 and 1.9 percent, and, when the carbon content was, e.g.
1.3 percent, the alloys prepared with this carbon content had
the compositions of 69 % Mn — 29.7 % A1 — 1.3 % C,69.5%
Mn—292%A1—13%C,70%Mn—287%A1—13%
C,70.5% Mn —282%Al—1.3%C,71 % Mn — 27.7 % Al
—13%C,71.5%Mn—272%Al —1.3%C,72 % Mn —
26.7%Al—1.3%Cand72.5% Mn—26.2% Al— 1.3%C.

These alloys may be cast by melting them in argon gas, car-
bon oxide:gas, hydrogen gas or in the atmosphere and desired
alloys may be obtained by melting the ingredients under the
conditions suitable for the specific atmosphere used. In the ex-
ample to be illustrated hereunder, the constitutional elements
were molten mainly in an argon gas.atmosphere. The melting
points- of these ternary alloys, of course, vary somewhat de-
pending upon the compositions thereof but are about 1,260°
C. (orin the range of 1,240°to 1,280°C.).

In order to obtain Mn-Al-C ternary alloys having excellent
magnetic characteristics, stability, mechanical properties and
corrosion resistance, however, three elements of Mn, Aland C
must be thoroughly alloyed and, for this purpose, it.is necessa-
ry to establish the melting temperature within the range from
1,380°t0 1,500° C.

Upon melting at the temperature specified above, Mn, Al
and C form a homegeneous melt, with carbon dissolved
therein the solid state. Successively thereafter, the molten
alloy is cast in a suitable mold at that temperature. In practice,
the mold to be used must be suitably selected in accordance
with the purpose, configuration and dimensions of the alloy
desired, but the casting operating can be carried out relatively
simply by the use of a die for the sake of experiment. In the
production of a magnet adapted for use in power-generating
lamps, motors and speakers, the shell mould casting, invest-
ment casting and sand mould casting methods are suitably em-
ployed. Upon completion of the casting, the alloys may be
subjected to homogenizing and hot forging but such treat-
ments are not always required.

Although the Mn-Al-C ternary alloys cast in the manner
described show the characteristics required for permanent
magnet as such, as will be described later, the magnetic
characteristics may be improved greatly by subjecting them to
a heat treatment in the manner described hereunder. Namely,
the heat treatment basically consists of two steps, i.e. harden-
ing and tempering (aging). The hardening is carried out by
rapidly cooling the alloys from a temperature of 900° C. or
higher in water, oil, air or an inert gas, irrespective of com-
position of said alloys, and the cooling rate must be 300°
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C./min. or higher. In this case, the temperature of the water,
oil or air is only required to be 650° C. or below. In other
words, the alloys must be cooled from 900° C. to 600° C. at the
rate of at least 300° C./min. In general, the hardening is simply
effected at the normal temperature.

Upon completion of the hardening, the alloys are subjected
to tempering successively thereafter. The conditions under
which the tempering is carried out will largely affect the mag-
netic characteristics of the product alloys, and effective results
can be obtained only under certain range of conditions.
Namely, the tempering is effectively carried out for all com-
positions at a temperature of 480° to 650° C., and the period
of tempering becomes longer as the temperature becomes
lower and shorter as the temperature becomes higher. For in-
stance, at a temperature of 600° C. a suitable period of tem-
pering is about 80 minutes, and for some composition a period
of 1.5 minutes was optimum at a tempering temperature of
650° C., while for some other composition a period of 24
hours was optimum at a tempering temperature of 550° C. In
general, it appears that the characteristics of alloys containing
a relatively large amount of Mn are improved with an elevat-
ing temperature and a prolonged period of tempering, and this
relation is reversed for alloys containing a relatively small
amount of Mn: However such relations have not been ascer-
tained as yet. When alloys are hardened, for example, in a salt
bath at 600° C. from a temperature of 900° C. or higher, tem-
pering of the same may be accomplished successively at that
temperature.

By the hardening and tempering as described above,. the
cast Mn-Al-C ternary alloys are transformed from the hex-
agonal crystal structure of high temperature phase into a
body-centered tetragonal crystal structure of stable magnetic
phase having carbon forcibly dissolved therein in the solid
state. It is to be noted, however, that the thus heat-treated al-
loys -are not- entirely transformed. into .the body-centered
tetragonal crystal structure at every portions thereof but occa-
sionally contain a very small amount of the other phases mixed
therein which have no magnetism. These other phases include
BMn type solid solution, AIMn type compound phase, and
some sorts of carbides of the hexagonal crystal structure of
high temperature phase and of the phases described above
with carbon dissolved therein in the solid state or combined
therewith.

The Mn-Al-C ‘ternary alloys obtamed in the manner
described are much tougher than Mn-Al binary alloys and, for
instance, the tensile strength, compressive strength and break-
ing strength of the former are about § to 10 times greater than
those of the latter. The ternary alloys also have an 1mproved
workablhty providing for cuttmg work.

It is also to be noted that in the Mn-Al-C ternary alloys the
magnetic phase (body-centered tetragonal crystal structure)
thereof is highly stable to such an extent as to be considered as
a stable phase, in contrast to that of the Mn-A1 binary alloys
which is considered as a metastable phase, and such stable
magnetic phase is hardly transformed into a low temperature

phase.
. As stated above, the Mn-Al-C ternary. alloys show the
characteristics essential for a permanent magnet as they are
cast and this is believed to be attributed to such a highly stable
magnetic phase as mentioned above.

The magnetic characteristics of the Mn-Al-C ternary alloys,
as they are cast, obviously vary depending upon the composi-
tions thereof, but some of them shows a BHmax value of as
high as about 0.7 to 0.8 M.G.Oe. However, these alloys as cast
contain a considerable amount of high temperature phase
remaining therein along with the magnetic phase. In contrast
thereto, it has been acknowledged that the alloys which had
been subjected to the aforesaid heat treatment successively
after casting, had substantially the entire phase thereof trans-
formed into magnetic phase.

It has also been confirmed that the Mn-Al-C temary alloys
show better magnetic characteristics when they contain a very
small ‘amount- of carbon-containing non-magnetic phase,
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4

peculiar to the ternary alloys, in addmon to the above-men-
tioned magnetic phase.

This indicates that the particularly excellent magnetic
characteristics of the Mn-Al-C ternary alloys are attributed,
not only to the aforementioned stable magnetic phase having
carbon dissolved therein the solid state but also to the kind,
amount and the state of distribution of the carbon-containing
non-magnetic phase, peculiar to the Mn-Al-C ternary alloy
system. However, the detail reasons are not clearly un-
derstood at the present stage because the non-magnetic phase
is present in only an extremely small amount and distributed
extremely finely. In any event, the non-magnetic phase is .
brought into existence when the amount of carbon contained
in the alloys is 0.6 percent or more, and the alloys containing
carbon in an amount of 0.6 percent or more are believed to be
different in character from those which contain carbon in an
amount of less than 0.6 percent. The fact that the charac-
teristics of alloys change at the border of carbon content of
0.6 percent, has also been confirmed by other experiment, e.g.
by measuring the Curie point. The relationship between the
carbon content and Curie point of alloys containing Mn and
Al in the proportion of 72 to 28 , is shown in FIG. 6. From this
Figure, it is assumed that the maximum content of carbon in -
the alloys with respect to Mn and Al is about 0.6 percent. It
has also been acknowledged that the non-magnetic phase
emerges in a large amount as a result of incomplete or no
transformation of the structure into the body-centered
tetragonal crystal structure or magnetic phase, when the tem-
pering is carried out at temperatures outside the temperature
range from 480° to 650° C.

The results of chemical analysis of the alloys formed in the
manner described and the magnetic characteristics of said al-
loys are shown in Table 1 below.

TABLE 1

BHmax

Sample
(x10% G.Oe.)

No. %Mn %Al -%C Br(g) BHc(Oe)

1 69.5 300 05 3300 1050 0.70
2 700 295 05 3200 1150 0.75
3 7085 290 05 3150 1360 0.75 .
4 71.0. 285 0.5 3150 1300 0.78
5 71.5 280 05 3100 1300 0.78
6 720 275 05 3000 1300 0.75
7 725 270 0.5 2900 1300 0.78
8 73.0 265 05 2700 1100 0.65
9 69.5 298 07 3600 1200 1.00
10 700 293 0.7 asso 1300 1.10
11 705 288 0.7 3500 1400 110
12 710 283 0.7 3400 1450 1.10
13 71.8 278 0.7 3400 1450 1.10
14 720 273 07 3250 1450 1.10
15 725 268 07 3000 1450 110
16 730 263 07 2650 1050 0.80
17 695 296 09 3700 1300 110
18 700 29.1 09 3500 1400 1.20
19 70.5 28.6 09 3500 1450 1.28
20 71.0 281 09 3400 1500 1.25
21 71.5 276 09 3400 1550 1.30
22 720 271 09 3300 1500 1.28
23 725 266 09 3050 1450 1.10
24 73.0 26.1 09 2550 1000 0.70
25 690 299 1.1 3900 1300 1.00
26 69.5 294 1.1 3650 1350 1.18
27 700 289 1.1 3550 1500 1.30
28 70.5 284 11 = 3500 1550 1.35
29 710 279 1.1 3400 1600 1.40
30 71.5 274 1.1 3300 1600 1.45
31 720 269 1.1 3250 1550 1.40
32 725 264 1.1 2800 1350 1.08
33 69.0 297 1.3 3650 1300 1.10
34 69.5 292 13 3550 1400 1.20
35 700 287 13 3500 1500 1.30
36 705 282 1.3 3450 1600 1.40
37 71.0 277 13 3350 1800 . 145
38 715 272 13 3300 1850 1.70
39 720 267 13 3200 1550 1.35
40 725 262 13 2700 1200 0.80
41 69.0 295 15 3500 1350 1.15
42 69.5 290 15 3500 1450 1.25
43 700 285 15 3450 1550 1.35
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44 705 280 15 3400 1700 1.40
45 710 275 15 3300 1900 1.45
46 715 270 15 3250 1900 1.75
47 720 265 1.5 2850 1450 1.10
48 725 260 1.5 2600 1000 0.65
49 69.0 293 1.7 3500 1350 110
50 69.5 288 1.7 3450 1500 1.25
51 700 283 1.7 3450 1650 1.30
52 705 278 1.7 3300 1750 1.30
53 71.0 273 1.7 3250 1800 1.40
54 715 268 1.7 2950 1750 1.40
55 7208 263 1.7 2650 1300 0.90
56 69.0 291 1.9 3450 1400 1.10
57 695 286 19 3400 1500 1.20
58 700 281 19 3300 1650 1.25
59 705 276 19 3200 1700 1.25
69 710 271 1.9 3050 1700 1.20
61 715 266 19 2800 1600 1.05
62 72.0 261 19 2400 1000 0.78

The magnetic characteristics shown in Table 1 were plotted
into equivalent value curves as shown in FIGS. 2 to 4. The op-
timum conditions for the tempering, which is greatly influen-
tial on the magnetic characteristics of the product alloys, are
variable depending upon the composition of the specific sam-
ple alloy but the equivalent value curves shown in FIGS. 2to 4
were drawn using the values of the alloys which were tem-
pered at 600° C. for 80 minutes, which are the temperature
. and the period to enable excellent characteristics to be ob-
tained on all sample alloys.

As can be seen from FIG. 2, the value of BHmax is greatest
when the compositions of the alloys are approximating to 71.5
percent Mn — 27.2 percent Al — 1.3 percent C or 71.5 per-
cent Mn — 27 percent Al— 1.5 C and, within the composition
ranges of the alloys used in the experiment, the value of
BHmax becomes equal to our greater than 1.0 X 10° G.Oe.
when the amount of carbon is 0.6 percent or more and the
amount of aluminum is 26.3 percent or more.

The value of Br, as is seen in FIG. 3, is highest with the com-
position in the vicinity of 69.5 percent Mn — 29.5 percent Al
— 1 percent C but, with an amount of aluminum in excess to
26.4 percent, the value of Br becomes 2,800 G. or higher.
Thus, the particularly excellent composition range for practi-
cal application with respect to Br value is extremely wide.
Now, the value of BHc becomes 1,400 Oe. or higher when the
aluminum content is 26.5 percent or more and carbon content
is 0.6 percent or more, and reaches as high as 1,800 Oe. or
even higher when the alloy composition is in the vicinity of
71.5 percent Mn — 27 percent Al — 1.5 percent C, as shown
in FIG. 4. '

From the overall results of the experiment described above
and with particular reference to the BHmax which is most
critical for magnet material, it may be said that alloys in the
composition range of 69 to 73 percent Mn, 26.4 to 29.5 per-
cent Al and 0.6 to 2 percent C show particularly excellent
magnetic characteristics. This composition range is indicated
in FIG. 5 by the area defined by points G, H, I, J and K. A
further experiment conducted using additional samples has
revealed the fact that the magnetic characteristics vary drasti-
cally between the carbon content of 0.5 percent and 0.6 per-
cent, that the effect of carbon is particularly noticeable when
it is added in an amount of 0.6 percent or more, and that the
magnetic characteristics vary greatly at the boundary of alu-
minum content of 26.4 percent.

The Mn-Al-C alloys in the composition range set out about
have excellent magnetic characteristics for use as a permanent
magnet but are not entirely satisfactory to be used for practi-
cal applications because of the following drawback. Namely,
alloys containing carbon in an amount more than a certain
limit form Al, C;, an aluminum carbide, which is hydrolyzed
upon reaction with water present in air. This reaction is
represented by the reaction formula provided below and the
chemical analysis shows that this reaction is accompanied by
the generation of methane gas. Al, C3+ 12 H; O—4Al (OH);
+3CH,
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For this reason, the alloys are disintegrated into powder with
the lapse of time after formation, making them unserviceable
for practical uses. In the atmosphere, this spontaneous disin-
tegration occurs in about one day after casting at the earliest
and in several months after casting at the latest.

The periods before the commencement of disintegration in
the atmosphere of the 62 sample alloys depicted in Table 1 are
shown in Table 2 below for comparison. These periods were
measured from the time of casting to the time when decom-
position of Alg C; was observed through a microscope. Those
sample alloys which are not depicted in the Table below were
not subjected to disintegration and therefore were proved to
be excellent not only in moisture resistance and water proof
but also in acid resistance and alkali resistance.

TABLE 2
Sample Period before Sample Period before
No. Disintegration No. Disintegration

25 3 months 51 10 days
26 8 months 52 1 month
33 1 month 53 4.5 months
34 2.5 months 54 10  months
35 6 months 56 2 days
41 2 weeks 57 3 days
42 1 month 58 8  days
43 2.5 months 59 3  weeks
44 5 months 60 1.5 months
49 3 days 61 3.5 months
50 10 days 62 10  months

The line L - L’ in FIG. 5 is a border line established one
year after the production of the alloys and those alloys con-
taining carbon in an amount of more than that represented by
the line L — L’ are susceptible to spontaneous disintegration.
The disintegration tends to occur earlier as the carbon content
moves away from the line L — L'. The observation through a
microscope has revealed that the alloys which are susceptible
to disintegration contain more amount and larger size of AL,C,
phase, whereas those which are less susceptible to disintegra-
tion contain only a trace amount of Al,C;, phase in their Mn-
Al-C phases. Those sample alloys which were not disin-
tegrated even one year after the casting contain no ALC;. The
border line is assumed to pass through the points representing
the compositions of alloys of 69.5 percent Mn — 29.5 percent
AL — 1 percent C, 71 percent Mn — 27.5 percent A1 — 1.5
percent C and 72.5 percent Mn — 25.5 percent Al — 2 per-
cent C, and in order to determine the paosition of said border
line, the following experiment was conducted.

Namely, seven sample alloys were prepared which were
composed of a fixed amount and 1.5 percent of C; 70.6 per-
cent, 70.7 percent, 70.8 percent 70.9 percent, 71.0 percent
71.1 percent and 71.2 percent of Mn respectively; and the
remainder of Al, and the periods before the commencement
of disintegration of those sample alloys were measured, the
result of which is shown in Table 3 below. In this case, the
sample alloys containing 71.0 percent or more Mn were not
disintegrated even after one year.

TABLE 3

Composition (%) Period before disintegration

70.6 Mn 27.9 Al 1.5C 6 months
70.7 Mn 27.8 Al 15C 8 months
70.8 Mn 27.7 Al 1.5C 10 months
70.9 Mn 27.6 Al 1.5C 11 months

Consequently, it may be concluded that, when the carbon
content is located on or below the line L - L' in FIG. 5, that is,
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in the composition range defined by points M, I, J and N, those
alloys are not susceptible to spontaneous disintegration.

The line L - L' can be obtained from the relationship
between the amounts of C and Mn, as expressed by the formu-
la, ’

C="Mn — 22.16 (percent),
provided that the amount of Mn is in the range of 69 to 73 per-
cent. ’

In the sample alloys mentioned above, the impurities in a
total amount of up to 2 percent, which are usually contained
in Mn, Al and C; will not particularly disadvantageously affect
the magnetic characteristics of the alloys.

The present invention which provides a magnet material
which is composed of 69.5 to 73.0 percent Mn, 26.4 to 29.5
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percent Al and not less than 0.6 percent but not more than
(%Mn—22.16 percent of C and which has excellent magnetic
characteristics, stability and mechanical properties as a per-
manent magnet and is excelling in corrosion resistance and
unsusceptible to spontaneous disintegration "in -air, as
described hereinabove, is a great industrial value.

What is claimed is:

1. A ternary magnet alloy composed of 69.5 to 73.0 percent
by weight of manganese, 26.4 to 29.5 percent by weight of alu-
minum, not less than 0.6 percent but not more than (¥Mn —
22.16 percent) by weight of carbon and essentially free of
AlGC,.
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