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[s7] . ABSTRACT 

A permanent magnetic alloy which is obtained by add 
ing copper in amount of 0.5 to 6.2 wt% to the conven 
tional Mn-Al-C alloy comprising 68.0 to 73.0 wt% of 
manganese, (1/10 Mn — 6.6) to (1/3 Mn - 22.2) wt% 
of carbon and the remainder aluminum and subjecting 
thus prepared alloy to warm plastic deformation in 
order to improve plasticity of the alloy. 
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PERMANENT MAGNETIC MN-AL-C ALLOY 

BACKGROUND OF THE INVENTION 

The present invention relates to a permanent magnet, 
more particularly, to a manganese-aluminum-carbon 
(Mn-Al-C) alloy magnet containing copper (Cu) in 
order to improve plasticity thereof. 
An alloy comprising manganese, aluminum and car 

bon in suitable amounts and having been subjected to 
suitable heat treatment is a known permanent magnet 
material. Recently, a new alloy magnet comprising 68.0 
to 73.0% by weight of manganese, carbon in amounts 
ranging from (1/10 Mn — 6.6) to (V3 Mn —- 22.2)% 
(wherein Mn in the formulae represents percent of man 
ganese content) and the remainder aluminum and hav 
ing been subjected to warm plastic deformation has 
been disclosed in U.S. Pat. No. 3,976,519. The new 
magnet, subjected to warm plastic deformation, exhibits 
excellent magnetic characteristics, e.g. the (BI-I)max is 
several times as large as that of the magnet subjected to 
suitable heat treatment, and is machinable. The perma 
nent magnet subjected to warm plastic deformation is 
useful for practical purposes and is produced industri 
ally. 
However, some di?iculties have been encountered in 

the warm plastic deformation step during industrial 
manufacture of this magnet, as follows: the Mn-Al-C 
ternary alloy exhibits plasticity at a temperature of more 
than 530° C. and can be subjected to warm plastic defor 
mation, for example, extrusion or die-upsetting. But the 
plasticity of the ternary alloy is not very good, that is to 
say deformation resistance of the ternary alloy is not 
very small, and therefore the ternary alloy is subjected 
to deforming by applying a larger pressure and to de 
forming under higher temperature, which yields lower 
deformation resistance. But the application of a large 
pressure at the deformation step brings about a remark 
able shortening of life of a die because of abrasion and 
creep, and brings about cracks within the deformed 
alloy magnet. The high‘ deformation temperature also 
brings about shortening of life of the die because of 
decrease of the mechanical strength thereof and further 
induces decrease of the magnetic characteristics of the 
deformed alloy. Then, the large deformation pressure 
and the high deformative temperature result in increase 
of energy cost and manufacturing equipment cost, be 
cause a particular die built from a particular material 
and a complicated structure and press with large pres 
sure capacity are required. These difficulties can be 
solved, if deformation resistance of the alloy magnet is 
decreased. For example, the life of a die is almost pro 
portional to the exponent of the decreasing coef?cient 
of the deformation resistance. When using a die com 
posed of a tungsten-cobalt-cromium alloy steel, when 
the deformation resistance of the Mn-Al-C alloy is de 
creased by 10%, the life-time of the die is extended 
approximately ten fold. 

In order to solve the above-mentioned dif?culties in 
the industrial production, it has been strongly desired to 
improve the plasticity of the Mn-Al-C ternary alloy, 
that is to say, to decrease the deformation resistance of 
the ternary alloy. 

SUMMARY OF INVENTION 

An object of the present invention is to provide a 
permanent magnetic alloy which has excellent plasticity 
and magnetic characteristics. More speci?cally, an 
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2 
alloy magnet of the present invention has an alloy com 
position such as obtained by adding an element of cop 
per in an amount of 0.5 to 6.2% by weight to the con 
ventional Mn-Al-C ternary alloy magnet which consists 
of 68.0 to 73.0 wt% of manganese, (l/l0 Mn — 6.6) to 
(1/3 Mn — 22.2) wt% of carbon and the remainder 
aluminum, which has been subjected to warm plastic 
deformation. The magnetic alloy of the present inven 
tion has a small deformation resistance which is im 
proved by 10 to 50% compared with the conventional 
Mn-Al-C magnetic alloy. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graph depicting the relationship between 
amount of copper additive and ratios of deformation 
resistance. 
FIG. 2 is a graph depicting the relationship between 

amount of a further additive of titanium and ratios of 
deformation resistance. ' 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present invention is further detailed with refer 
ence to the following experimental data. 
Rod shaped samples (20 mm diameter, 25 mm length) 

of a Mn-Al-C ternary alloys having an alloy composi 
tion within the range of 68.0 to 73.0 wt% of manganese, 
(l/l0 Mn — 6.6) to (V3 Mn — 22.2) wt% ofcarbon and 
the remainder aluminum and an alloy obtained by add 
ing various amounts of copper to the ternary alloy were 
prepared by melting and casting. These samples were 
subjected to a heat treatment at a temperature ‘of 1080‘’ 
C. for one hour and subsequently cooling from that 
temperature at an average cooling rate of 60° C./mi 
nute, and then extruding by using a die with an area 
reduction of 80% at a temperature of 720° C. At the 
time of this extrusion, the pressure required to extrude 
each sample was measured. Magnetic characteristics of 
the extruded samples were measured along the axial 
direction of the samples. These extruded samples were 
magnetically anisotropic permanent magnets having 
easy direction of magnetization in the axial direction of 
the samples. 
The experimental results are shown in Table 1 and 

FIG. 1. The deformation resistance in Table 1 were 
calculated from the values of the pressure measured 
above. The deformation resistance of the magnet alloy 
is in proportion to the pressure required to extrude. The 
ratio in FIG. 1 indicates the ratio of the deformation 
resistance of the alloy with copper added to that of the 
alloy not contammg copper. 

Table 1 
Compo- Sample 
sition M resistance (Bl'DmaX 
No. Mn A] c Cu (kymmz) (MG'Oe) 
1 not added 38.0 6.20 
2 0.20 36.5 6.20 
3 0.50 34.0 6.25 
4 1.10 31.0 6.15 
5 70.0 29.5 0.5 2.20 27.0 6.30 
6 3.00 26.5 6.20 
7 4.20 26.0 6.05 
8 6.20 27.0 5.55 
9 7.80 30.5 0.80 
10 9.50 31.0 0.50 
11 . ' not added 37.5 6.00 

69.0 30.6 0.4 
12 2.50 26.0 5.80 
13 not added 38.0 6.30 
14 69.5 30.0 0.5 1.80 29.0 6.25 
15 3.50 26.0 6.10 
16 not added 38.5 5.50 
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Table l-continued 

Compo- Sample 
sition Sample (wt %! resistance (BH)max 
No. Mn Al c _Cu (kg/mmZ) (MG-0e) 

70.5 28.9 0.6 
17 2.30 27.5 5.40 
18 - 71.5 27.8 0.7 2.80 26.0 5.10 

As shown in Table 1 in FIG. 1, the deformation resis 
tance of the samples with copper added in an amount of 
0.5 wt% or more is 10 to 30% smaller than that of the 
samples without copper. Then, the samples with copper 
added in amounts of 6.2% or less have excellent mag 
netic characteristics of more than 5 MG.Oe. Particu 
larly, in the range of 2.2 to 4.2 wt% of copper, the 
deformation resistance is about 30% smaller and the 
magnetic characteristics are about equivalent to that of 
the samples without copper. Otherwise, in the range of 
more than 6.2 wt% of copper, the (BH)max decreases 
remarkably. It is considered that this decrease is caused 
by the precipitation of non-magnetic phases in the alloy, 
as a result of X-ray diffraction analysis and microstruc 
ture observation. 

Machinability of the extruded samples was examined 
by lathing and drilling. As a result, the samples with 
copper added in amounts of from 0.5 to 6.2 wt% exhib 
ited better machinability than the samples not contain 
ing copper. 
The other experiment in which different heat treat 

ment and working methods are applied is described 
hereinafter. 
Rod shaped samples (20 mm diameter, 40 mm length) 

of an Mn-Al-C alloy consisting of 72.0 wt% of manga 
nese, 27.0 wt% of aluminum and 1.0 wt% of carbon and 
an alloy obtained by adding copper in an amount of 3.0 
wt% to the ternary alloy were prepared by melting and 
casting. The samples were subjected to heat treatment 
at a temperature of 1 120° C. for one hour, quenched into 
silicon-oil from that temperature and subsequently an 
nealed at 650° C. for one hour. The samples after heat 
treatment were magnetically isotropic permanent mag 
nets. The value of (BH)max of the sample without cop 
per was 1.2 MG.Oe and that of the one with copper was 
0.8 MG.Oe. Those samples after the heat treatment 
were subjected to die-upsetting with a length reduction 
of 50% at 720° C. The pressure required to upset was 
measured and the deformation resistance was calculated 
from the pressure. The deformation resistance of the 
sample without copper was 39.0 kg/mm2 and that of the 
sample with copper added in amount of 3.0 wt% was 
26.5 kg/mmZ. The plasticity was remarkably improved 
by adding coppper. Both of the upset samples were 
isotropic permanent magnets and the magnetic charac 
teristics were improved by die-upsetting. The sample 
without copper and the one with copper exhibited 2.15 
Mg.0e and 2.10 Mg.0e of (BH)max, respectively. In 
case of the alloy magnets subjected only to heat treat 
ment, decrease of magnetic characteristics occurs by 
adding by copper, but in_case of the alloy magnets after 
being subjected to warm plastic deformation, such de 
crease does not occur. ' 

Then, in another experiment in which the conditions, 
i.e., alloy composition, heat treament conditions, work 
ing methods, working temperatures etc., were varied, it 
was con?rmed that the plasticity of the Mn-Al-C ter 
nary alloy magnet comprised of 68.0 to 73.0 wt% of 
manganese, (1/10 Mn — 6.6) to (V3 Mn — 22.2) wt% 
of carbon and the remainder aluminum was improved 
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4 
remarkably by adding copper in an amount of 0.5 to 6.2 
wt%. 

Moreover, it was con?rmed that when titanium in a 
small amount was further added to the above-men 
tioned Mn-Al-C-Cu quaternary alloy, the plasticity was 
still further improved. Results of the experiment which 
has been performed in the same way as the beforemen 
tioned extrusion experiment are set forth in Table 2 and 
FIG. 2. Each sample shown in Table 2 has an alloy 
composition obtained by adding copper and titanium to 
the 70.0 wt% Mn -— 29.5 wt% Al — 0.5 wt% C ternary 
alloy. The ratio in FIG. 2 indicates the ratio of deforma 
tion resistance of the Mn-Al-OCu quaternary alloy 
with titanium added to that of the quaternary alloy. 
When adding titanium in an amount of 0.01 to 0.5 wt%, 
the deformation resistance is 10 to 25% as small as that 
of the quaternary alloy. As compared with the Mn-Al-C 
ternary alloy, the deformation resistance of the alloy 
added with both copper in an amount of 0.5 to 6.2 wt% 
and titanium in an amount of 0.01 to 0.5 wt% is im 
proved by 30 to 50%. When titanium is in an amount of 
more than 0.5 wt%, the (BH)max decreases remarkably 
because of the transformation from a ferromagnetic 
phase to non-magnetic phases during extrusion. 

Table 2 
Sam 1e amount Sample , 

Sample %[ resistance (BH)max 
No. Cu Ti (kg/mmz) (MG 0e) 
19 2.50 not added 26.5 6.20 
20 2.50 0.01 23.0 6.25 
21 2.50 0.05 21.0 6.40 
22 2.50 0.10 20.5 6.30 
23 2.50 0.50 20.0 6.10 . 
24 2.50 0.80 17.5 1.30 
25 2.50 1.00 16.5 0.90 
26 0.50 0.60 24.5 1.85 
27 0.50 0.40 25.5 6.00 
28 2.20 0.30 20.5 6.20 
29 4.20 0.20 20.0 6.00 - 
30 6.20 0.02 21.5 5.50 

As clari?ed by the experiments described above, 
deformation resistance of the conventional Mn-Al-C 
ternary alloy magnet is improved remarkably by adding 
copper in an amount of 0.5 to 6.2 wt%. Particularly, in 
the range of 2.2 to 4.2 wt% of copper, the deformation 
resistance decreases to about 30% less than that of the 
alloy not containing copper. And then, when further 
adding titanium in an amount of 0.01 to 0.5 wt%, the 
deformation resistance is improved still further. When 
applying the deformation step to the magnetic alloy of 
this invention in the course of manufacture, life of the 
die is extended more than 10 times. Thus, the alloy 
magnet of this invention brings about mitigation of the 
working pressure at the deformation step and solves the 
previously described dif?culties in industrial produc 
tion. 
What is claimed is: 
1. In a permanent magnet comprising an Mn-Al-C 

alloy containing 68.0 to 73.0 wt.% of manganese, (l/ 10 
Mn — 6.6) to (l/3 Mn — 22.2) wt% of carbon and the 
remainder aluminum, said alloy having been subjected 
to warm plastic deformation, the improvement wherein 
said alloy contains copper in an amount of 0.5 to 6.2 
wt.% in order to improve the plasticity of said alloy. 

2. The permanent magnet according to claim 1 
wherein copper is present in an amount between from 
2.2 to 4.2 wt.%. 

3. The permanent magnet according to claim 1 
wherein the alloy further contains titanium in an 
amount of 0.01 to 0.5 wt% to further improve plasticity. 
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