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[57] ABSTRACT 

An anisotropic permanent magnet of an Mn-Al-C 
alloy containing 68.0% to 73.0% by weight of manga 
nese, (1/10 Mn-6.6)% to (1/3 Mn-22.2)% by weight 
of carbon, and’ the remainder aluminum, which alloy is 
rendered anisotropic by deforming it plastically at a 
temperature of 530°C to 830°C. 

The permanent magnet has excellent mechanical 
characteristics and magnetic properties such that the 
(BH)max is above 4.8 X 106 G.Oe up to about 9.2 X 
106 G.Oe in its bulk state. 

7 Claims, 8 Drawing Figures 
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MACHINABLE ANISOTROPIC PERMANENT 
MAGNETS OF Mn-Al-C ALLOYS 

BACKGROUND OF THE INVENTION 

This invention relates to permanent magnets and 
more particularly to anisotropic permanent magnets of 
manganese-aluminum-carbon (Mn-Al-C) alloys. 
Previously known Mn-Al alloy magnets consisting of 

Mn 60-75 weight % (hereinafter referred to simply as 
%)'and the remainder aluminum are such that the fer 
romagnetic metastable phase (face-centered tetrago 
nal, lattice constant a = 3.94A, c = 3.58A, c/a = 0.908 
and a Curie point of 350° to 400°C; hereinafter referred 
to as the 1- phase) is obtained by way of a heat treat 
ment such as by the cooling control method or ‘the 
quenching-tempering method. The ferromagnetic 1' 
phase is the metastable phase which appears between 
the high temperature phase (close-packed hexagonal, 
lattice constant a = 2.69A, c = 4.38A; hereinafter re 

ferred to as the 6 phase) and the room temperature 
phase (a phase in which the alloy is separated into the 
AlMn('y) phase and the B-Mn phase). This intermedi 
ate phase was discovered by Nagasaki, Kono, and Hi 
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rone in 1955. (Digest of the Tenth Annual Conference of 25 
the. Physical Society of Japan, Vol. 3, 162, October, 
1955.) 
However, the above Mn-Al alloys possess magnetic 

characteristics which are low, i.e. in the order of 
(BH)max = 0.5 X 106 G.Oe, Br = 2200 G, and “He = 
600 Oe. Since then, a method has been developed of 
sintering the powdered alloy in the 1' phase whereby the 
coercive force is increased by pulverizing; however, the 
magnetic characteristics of these alloys in isotropic 
form, at best, were low, being in the order of (BH)max 
= 0.6 X 106 G.Oe, Br = 1700 G, and Bl-lc = 1250 0e. 
Moreover, since the products were formed from pow 
der, their mechanical strengths were low, which makes 
these products impractical for commercial use. 
On the other hand, a method has been proposed for 

improving the magnetic characteristics of these Mn-Al 
alloy magnets by applying a high degree of cold-work 
ing on the alloy in the 1' phase (ferromagnetic phase) to 
render them anisotropic. It is known that rod ‘shaped 
Mn-Al magnets in the 1' phase are sealed in nonmag 
netic stainless steel pipes, and while being held in said 
pipes are subjected to cold-working, such as swagining, 
to a degree of 85-95%. This method is capable of pro 
ducing an anisotropic permanent magnet possessing 
magnetic characteristics in the order of Br = 4280G, 
BHC = 2700 Oe, and (BH)max z 3.5 X 106 G.Oe in the 
direction of preferred magnetization, i.e., the axial 
direction of the rod. Because Mn-Al alloy magnets are 
intermetallic compounds having very hard and brittle 
mechanical properties, however, even a cold-working 
of less than 1% causes cracks or fractures in the alloys. 
On the other hand, since the degree of anisotropiza 

'tion is dependent upon the degree of cold-working, it is 
necessary to cold-work the alloy to a high degree, nor 
mally higher than 80%, in order to achieve satisfactory 
magnetic characteristics, and in order to be able to 
conduct such cold-working step, the cold-workig oper 
ation must be conducted while the alloy is sealed in a 
nonmagnetic stainless steel pipe. - 
An anisotropic permanent magnetic obtained by 

using the above method is complicated in that the 
Mn-Al alloy inside the pipe must be ?nely pulverized 
into powder, and, moreover, it is difficult to obtain rods 
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2 
of uniform cross-section. The method is therefor costly 
and of little practical value. 

In order to overcome the above dif?culties, a method 
has been proposed of obtaining a rod shaped aniso-. 
tropic Mn-Al alloy magnet by subjecting the 7 phase of 
the Mn-Al alloy magnet to hydrostatic extrusion at a 
temperature below 200°C, but the magnetic character 
istic of such alloys is low, being in the order of 
(BH)max = 2.5-3.6 X 106 G.Oe in the direction of 
preferred magnetization. This method also requires a 
very intricate hydrostatic extrusion operation and is 
again a very impractical method. 
To replace the, Mn-Al alloy magnets mentioned 

above, there have been invented manganese 
aluminum-carbon alloy magnets in bulk shape having 
excellent magnetically isotropic characteristics, which 
magnets were disclosed in US. Pat. No. 3,661,567. 

. Thus, according to US. Pat. No. 3,661 ,567, the Mn-Al 
C alloy magnets may be obtained as isotropic perma 
nent magnets in bulk shape excelling in magnetic char 
acteristics, stability, weathering resistance and me 
chanical strength. These alloys may be mult-compo 
nent alloys containing impurities or additives other 
than Mn, Al and C, but should contain Mn, Al, and C 
as indispensable component elements, with the compo 
nent ratio of Mn, Al, and C in these multi-component 
alloys falling within the following range: 

which alloys are manufactured under the restricted 
conditions ‘described hereinunder: 
Thus, Mn. Al and C are so mixed that each compo 

nent falls within the respective composition range men 
tioned above, then the mixture is heated to a tempera 
ture higher than 1,380°C but lower than 1,500°C, in 
order to obtain a homogeneous melt with carbon forci~ 
bly dissolved therein, and thereafter the molten alloy is 
cast in 'a ' suitable mold. The ingot thus-obtained is 
heated above 900°C‘ to form its high temperature 
phase, and then, is quenched by rapidly cooling it from 
a temperature above 900°C to a temperature below‘ 
600°C‘ at a-cooling rate of higher than 300°C/min. The 
quenched alloy is then tempered by heating it at a 
temperature of 480°—650°C.,for an appropriate period 
of time. A Mn-Al-C alloy magnet in bulk shape ob 
tained in this way has magnetic characteristics better 
than (BH)max = 1.0 X 106 G.Oe, while in an isotropic 
state. This magnetic characteristic runs twice as high as 
the magnetic characteristics of isotropic Mn-Al alloy 
magnets. 
The Mn-Al-C alloy magnets obtained in this way 

were isotropic in their bulk state, with the (BH)max 
running higher than 1.0 X 106 G.Oe, and their mechani 
cal strengths were as follows: hardness HRC= 45, tensile 
strength =. l~2 kg/mm2, elongation = 0, compressive 
strength = 100 kglmmz, and transverse strength = 7 
kg/mm”. 
The Mn-Al-C alloy magnets had serious disadvan 

tages, however, in that in the course of trying to further 
improve their magnetic characteristics; by whichever 
method of the above mentioned cold working method 
or the powder forming method, the magnetis character 
istics may be barely improved or rather degraded, and 
any improvement in their performance by way of aniso 
tropization could not be anticipated. 
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SUMMARY OF THE INVENTION 

This invention relates to Mn-Al-C alloy magnets 
which are superior to those disclosed in US. Pat. No. 
3,661,567. 
Accordingly, it is an object of this invention to pro 

vide new high performance anisotropic permanent 
magnets having high improved magnetic characteris 
tics. 

It is another object of this invention to provide aniso 
tropic MN-Al-C alloy magnets having magnetic charac 
teristics such that the (BI-I)max is above 4.8 X 1066.02 
and which reaches 9.2 X 106 0.02 in the bulk state. 

It is another object of this invention to provide very 
excellent anisotropic permanent magnets which exhibit 
a speci?c gravity as low as 5.1 and which have mag 
netic energies per unit weight comparable to those of 
the highest class of known permanent magnets, e.g., 
having energies per unit weight 2~3 times higher than 
those of anisotropic (Br,Sr) ferrite magnets, and l.5~2 
times as high as AlNiCo magnets. 

It is a further object of this invention to provide an 
isotropic permanent magnets having excellent mechan 
ical characteristics. 
The present inventors have found that in Mn-Al-C 

alloy magnets, which ordinarily exhibit no plasticity, 
there exists a new, special phase giving abnormally high 
plasticity in the speci?c temperature range of 
530°—830°C, in a compositional range wherein Mn is 
68.0—73.0%, C(l/lO Mn——6.6)% — (‘A Mn——22.2)% 
and wherein the remainder is Al. Based on these ?nd 
ings, the present inventors have successfully obtained 
Mn-Al-C alloy magnets which are anisotropic in their 
bulk state and which have extraordinary and unex 
pected magnetic characteristics, through plastic defor 
mation of the alloy in the abnormally plastic range, 
while taking advantage of the speci?c state of existence 
of the carbon component. 
The striking improvement in magnetic characteristics 

achieved by way of the above-described plastic defor 
mation is a new phenomenon based on the peculiar 
mechanism which the Mn-Al-C alloy magnets possess. 
For example, in the case of Mn-Al alloy magnets, it was 
con?rmed that the plasticity slightly appeared above 
580°C, but that by the working above 530°C, no im 
provement in magnetic characteristics was recognized 
at all; rather, the magnetic characteristics were greatly 
degraded. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 presents a graph relating the particle diameter 
of the crystals and the amount of carbon in Mn-Al-C 
alloy castings consisting of 72.0% Mn, 0. l—2.5% C, and 
the remainder Al; ~ 
FIG. 2 represents a photograph of an optical micro 

structure of the @(M) phase; 
FIG. 3 depicts a graph relating the pressuring time 

and the degree of deformation in the pressuring direc 
tion when the monocrystal in e,.( M) was subjected to 
plastic deformation; 
FIG. 4 exhibits diagrams showing the process of 

change in the crystal structure undergoing the transfor 
mation: er -> so’ —> 'rc; 
FIG. 5 displays a photograph of an optical micro 

structure of the -rc(M) phase; 
FIG. 6 is a graph relating to the degree of saturation 

deformation to the pressuring direction; 
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FIG. 7 depicts the relationship between the amount 
of Mn and the degree of anisotropization; and 
FIG. 8 represents a composition diagram of a Mn~Al~ 

C ternary system. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The present inventors have studied and analyzed the 
reasons why the magnetic characteristics of Mn-Al-C 
alloy magnets were improved especially when the man 
ufacturing conditions were restricted as described in 
US. Pat. No. 3,661,567. As a result, it has been clari 
?ed that this improvement was due to the particular 
state of existence of carbon in the Mn-Al-C alloy mag 
nets, i.e., the manufacturing conditions, and their mag 
netic characteristics have an intimate relationship. Ac 
cordingly, under manufacturing conditions which make 
the state of existence of carbon inadequate, magnets 
having low magnetic characteristics can be produced 
which are in the same order as isotropic Mn-Al alloy 
magnets, even if the composition ratio of Mn, Al and C 
falls within the above mentioned ranges, and even 
wherein suf?cient 1' phase exists. 

It was discovered that in order to obtain isotropic 
permanent magnets from Mn-Al-C alloys having excel 
lent magnetic characteristics, it is necessary that the 
phases existing in these alloys should mainly include: 

I. a magnetic phase having carbon forcibly melted 
therein beyond the solubility limit, and 

2. a phase of Mn3AlC and/or a face-centered cubic 
phase being similar to Mn3AIC in which the remaining 
excess carbon is separated out by way of tempering in 
the form of carbides other than alumminum carbide 
(AI4C3, etc.) in ?ne grainy or reticular shape, and that 
phase (2) is ‘separated and dispersed ?nely in grainy or 
reticular form within phase ( l ) as its matrix. It has been 
proven than when alloys are produced according to the 
above-described phase conditions, magnets having 
greatly improved magnetic characteristics can be man 
ufactured, which alloys possess a stabilized magnetic 
phase. This state of existence of carbon, ‘as described 
above, was con?rmed by way of X-ray diffraction tech 
niques, optical microscopy and electron microscopy. 
Mn3AlC is a compound having a face-centered cubic 

crystal structure of a perovskite type (lattice constant'a 
=_3.87A), but because its Curie point is 15°C, and it is 
nonmagnetic at room temperature, Mn3AlC itself, even 
when existing in the Mn-Al-C alloys, does not contrib 
ute to theintensity of magnetization of the Mn-Al-C 
alloy magnets. > 

A face-centered cubic phase similar to Mn3AlC 
means that perovskite type carbides appear in the 
Mn-Al-C alloys containing an amount of carbon more 
than the- solubility limit, ‘or precipitation substance 
having chemical characteristics as that of said carbides 
but not formed carbide perfectly. 
AI4C3 is a carbide existing in the Mn~Al~C alloys 

containing Mn within the range of 68.0-73.0% and an 
amount of carbon in excess of (Va Mn — 22.2)%. It is 
formed at temperatures-above the melting points of 
Mn-Al-C alloys, but is neither formed nor destroyed by 
heat treatment in the temperature range below the 
melting points. AI4C3, hydrolyzed by moisture in the 
air, etc., causes the alloys to crack, leading ?nally to 
the decay of alloys with the further proceeding of hy 
drolysis. 

It has been clari?ed that in Mn-Al-C alloys, the solu~ 
bility limit of carbon in the magnetic phase, as deter 
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mined by the measurement of lattice constants by way 
of X—ray diffraction and by measurement of Curie point 
by use of a magnetic balance, is 0.6% for the composi 
tion of 72% Mn, 0.4% for the composition of 70% Mn, 
0.2% for the composition of 68.0% Mn, and the solubil 
ity limit of carbon within the composition range of 
68.0—73.0% Mn can be represented by the mathemati 
cal formula of ( l/lO Mn—6.6)%. 
On the other hand, the solubility limit of carbon in 

the high temperature phase is almost the same as the 
solubility limit of carbon in the magnetic phase at a 
temperature of 830°C, but in a temperature range of 
900°—l200°C, the solubility limit of carbon in this 
phase is more than (1/10 Mn——6.6)% of carbon; how 
ever, by overcooling by quenching at a temperature 
above 900°C, and 6 phase can be obtained in which 
more than (l/ 10 Mn—6.6)% of carbon is forcibly dis 
solved. 
The high temperature phase into which carbon is 

forcibly dissolved in amounts beyond the solubility 
limit ( l/ 10 Mn—6.6)% in Mn-Al-C alloys is designated 
the 6,‘. phase, to distinguish it from the e phase of the 
high temperature phase containing carbon in amounts 
within the solubility limit. Also, the ferro-magnetic 
phase in which carbon is forcibly dissolved in amounts 
beyond the solubility limit is designated the TC phase, to 
distinguish it from the 1' phase of the magnetic phase 
containing carbon in amounts within the solubility 
limit. By subjecting the alloys of this at phase to the 
tempering as described above, the phase structure in 
which the phase of MnsAlC and/or that of a face-cen 
tered cubic phase being similar thereto, is ?nely dis 
persed in grainy or reticular form in these alloys, with 
the 1'‘. phase forming the matrix. When, however, in the 
process of quenching, a gradual cooling is made at a 
cooling rate lower than lO°C/min. in the temperature 
range of 830°—900°C, and then, the quenching is car 
ried 'out from this temperature, or when the alloys are 
held in the temperature range of 830°—900°C for more 
than 7 minutes, preferably more than 10 minutes, and 
quenching is from that temperature, Mn3AlC aligned in. 
lamellae parallel to the special crystal plane of 
€c(OO0l ) and keeping intervals of. l-lOy. is deposited in 
the 66 phase. It has been clari?ed by way of optical 
microscopic observation and X-ray diffraction that this 
lamellar Mn3AlC has a crystalline orientation relation 
ship of 

Furthermore, as the 6, phase in the space of 1—l0[.L, 
interposed between the lamellae of MnaAlC, was 
closely observed under an electron. microscope, it was 
con?rmed under the electron microscope, but not dis 
tinctly under the optical microscope, that the phase of 
Mn3AlC and/or face-centered cubic _ phase similar 
thereto were deposited on the plane of 6,.(0001), dis 
tanced from each other by O.l-lp.. - ' 
The heat treatment whereby the phase of Mn3AlC 

and/or face-centered cubic phase similar thereto was 
deposited in lamellae as described above, i.e., the heat 
treatment in which the allows are cooled at a cooling 
rate lower than lO°C./min. in the temperature range of 
830°—900°C, or held in the temperature range of 
830°—900°C for more than 7 minutes, is speci?cally 
designated the M treatment, and the 68 phase contain 
ing the lamellar phase of MngAlC and/or face-centered’ 
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cubic phase similar thereto deposited by the M treat 
ment is abbreviated at the Q-(M) phase. 
By tempering the alloys of the 6AM) phase, the ma 

trix 6c transforms into the 7, phase, but the lamellar 
phase of Mn3AlC and/or face-centered cubic phase 
similar thereto remains as it is, and then, the phase of 
Mn3AlC ?nely dispersed in grain form as mentioned 
above or in a reticular phase of MnaAlC and/or face 
centered cubic phase similar thereto is barely recogniz 
able. 
‘The 76 phase containing the lamellar phase of 
Mn3AlC and/or face-centered cubic phase similar 
thereto is abbreviated as the TAM) phase. The isotropic 
Mn-Al-C alloy magnet including the TAM) phase as 
isotropic matrix has a low level of magnetic character 
istics in the same order as the magnetic characteristics 
of isotropic Mn-Al alloys. The magnetic characteristics 
of Mn-Al-C alloy magnets is related to the existing 
condition of carbon, as mentioned above. Similarly, the 
magnetic characteristics and workability of anisotropic 
Mn-Al-C alloy magnets. rendered anisotropic by warm 
plastic deformation, according to this invention, are 
related to the existing condition of carbon. 
Other and further objects, features and advantages of 

the invention will appear more fully from the following 
detailed description and Examples: 

EXAMPLE 1 

A monocrystal consisting of the 66 phase of an 
Mn-Al-C allow having a composition of Mn 72.28%, Al 
26.64% and C 1.08%, as chemically analyzed, was 
manufactured. 
As a result of studies on the various factors involved 

in obtaining the 5,. monocrystal of this Mn-Al-C alloy, it 
was clari?ed that the growth of crystal necessary for 
monocrystallization is dependent on amounts of car 
bon. 

It is, thus, an indispensable condition for obtaining 
the ac monocrystal that the amount of carbon falls 
within the range of ( l/lO Mn—6.6)% - (l/a Mn-22.2)% 
(provided that, Mn 68.0—73.0%), and that the process 
of heating above l,380°C and up to 1,500°C (the re 
quired melting temperature to forcibly melt carbon 
into its solid solution) be run at least for one cycle. It 
was found out, for example, that whereas in the e phase 
in which the amount of carbon in its solid solution was 
less than (I/ l0 Mn—6.6)%. the growth of crystals in the 
alloy took place with di?iculty. However, in Mn-ALC 
alloys in which carbon in an amount in excess of the 
solubility limit of ( l/ 10 Mn—6.6)% was forcibly melted 
well into its solid solution at a melting temperature of 
above 1,380°C, the coarsing of the crystal grains was 
notable. Accordingly, the 6C monocrystal may be easily 
obtained by way of cooling the molten metal of this 
alloy from one end thereof by the Bridgman method or 
the chill mold method. 
With regard to the growth of crystals of the £6 phase, 

for example, in the case of polycrystals formed under 
the ordinary casting condition, as shown in FIG. 1, 
containing carbon in amounts above the solubility 
limit, the coarsening of the crystal grains becomes no 
table, and the grain size of crystals increases with the 
increasing amount of forcibly dissolved carbon; but as 
the amount of carbon exceeds (Va Mn—22.2)%, the 
excess carbon forms aluminum carbide Al4C3, which is 
undesirable. For these reasons, the required amounts of 
carbon to obtain 60 monocrystals are limited within the 
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range of (l/lO Mn—6.6)%-—(§ Mn—22.2)% as men 
tioned above. 

In order to forcibly melt the carbon well into solid 
solution, it must be heated to a temperature of higher 
than 1,380°C. At melting temperatures lower than 
1,380°C, it is not possible to forcibly dissolve carbon 
into its solid solution in amounts beyond the solubility 
limit. 
Accordingly, in the case of obtaining the e, mono 

crystals, the respective component elements were 
mixed and alloyed by heating them above 1,380°C, and 
then, monocrystallized. On the other hand, a Mn-Al-C 
alloy in which carbon was preliminarily dissolved into 
its solid solution at a temperature above l,380°C, was 
remelted and monocrystallized. In the latter instance, 
the heating temperature for the 6c monocrystallization 
was not necessarily required to be above l,380°C, since 
heating at a temperature above its melting point of 
1,2 l 0°—l ,250°C was sufficient. 
The temperature control conditions for obtaining the 

sc monocrystal by cooling the molten metal of the 
Mn-Al-C alloy from one end were chosen as follows: 
The molten metal was solidi?ed at a falling rate of 

05-10 cm/hr under a temperature gradient of 
5°-200°C/cm in a temperature range of 
1,150°—l,250°C, or solidi?ed from one end at a cooling 
rate of l0°—l00°C/hr in the aforementioned tempera 
ture range, and the monocrystal was, then, cooled to 
900°C, and thereafter, quenched from a temperature of 
900°C to a temperature below 500°C by cooling it in 
the temperature range of 900°—500°C at a cooling rate 

. of 300°—3,000°C/min. In this way, a 6,; monocrystal in 
the shape of a cylinder of 35 mm outside diameter 
could be easily obtained. 
From the e, monocrystal obtained in this way, a cubic 

test piece of 8 X 8 X 8 mm having surfaces of (0001 ), 
(lTOO) and (1120) was cut out. This 6,. monocrystal 
was tempered at 600°C for 1 hour. The tempered test 
piece was found to be magnetically isotropic, as its 
magnetic characteristics were measured. The magnetic 
characterstics found were: 

Br = 2,750 o, BHC = 1,350 02. and (BH)max =1.1 
x 10" G.Oe. 

which were equivalent to the magnetic characteristics of 
isotropic Mn-Al-C alloy magnets of the ordinary poly 
crystal type. By optical microscope observation of the 
structure of the test piece after being tempered, a ?nely 
dispersed grainy or reticular deposition of the MI'lsAIC 
phase was observed, just as in the structure of the 
ordinary isotropic magnet. From the result of the X-ray 
diffraction, however, it was con?rmed that since the 
intensity of diffracted lines from the Mn3AlC phase 
differed, depending on the diffracting surfaces of the test 
piece, a small amount of the MIlaAIC phase oriented in its 
relationship to the Q; phase before being tempered as 
expressed by @(0001) // MnaAlC (l l l) existed. 
Furthermore, other test pieces subjected to similar 

experiments as described above, with other surfaces 
cut out and the tempering conditions altered, were all 
found to be isotropic magnets, in which no improve 
ments in their magnetic characteristics were recog 
nized. 

EXAMPLE 2 

An 6, monocrystal obtained in Example 1, was sub 
jected to the M treatment in which it was held at a 
temperature of 830°C for 20 minutes, and was then 
quenched from this temperture at a cooling rate of 
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8 
300°—3,000°C/min. The monocrystal thus-obtained had 
the phase (expressed 6,-(M) monocrystal) in which the 
MnsAlC phase was orderly deposited in the shape of a 
lamellae on the (0001) plane of the 6c monocrystal, as 
described hereinbefore. The orientation relationship 
was found to be: 

5,.(0001) // Mn;|AlC (III) 

as described above, which was con?rmed by way of 
X-ray diffraction, X-ray microanalysis, optical micros 
copy and chemical analysis. 
FIG. 2 presents a photograph of optical microstruc 

ture (magni?cation: 1,000) showing a state in which 
the MnaAlC phase is deposited in the shape of a lamel 
lae in the matrix of 60. 

After deciding the crystal orientation by utilizing the 
lamellar structure and X-ray diffraction, from the 
ec(M) monocrystal obtained as described above, a 
cubic test piece of 8 X 8 X 8 mm having surfaces of 
(0001 ), (ITOO) and (11-20) was cut out, and was sub 
jected to a tempering at 570°C for 1 hour to obtain the 
1c( M) phase. It was recognized by way of optical micro 
scopic observation and X-ray diffraction that the G6 
phase of the matrix was transformed into the re phase 
by this tempering, but the lamellar structure was not 
destroyed. 
The magnetic characteristics of the test piece of the 

'rc(M) phase were quite isotropic. They were found to 
be: 

Br= 2,500 G, BHc= 800 Oe, and (BH)max =0.67 X 
lo“ G.Oe, 

which were lower than the magnetic characteristics of 
the ordinary isotropic Mn-Al-C alloy magnets of the 
polycrystal type. Other test pieces observed, with the 
face cut out and the treating condition widely altered, 
were all found to be isotropic, and no improvement in 
magnetic characteristics was recognized in these test 
piece. 

EXAMPLE 3 

A monocrystal in the €¢(M) phase of an Mn-Al-C 
alloy containing 72.10% Mn, 26.78% Al and 1.12% C, 
as chemically analyzed, was manufactured in the man 
ner similar to that of Example 2, and from this mono 
crystal in the 6,.(M) phase, several cubic test pieces 
were cut out, each of 10 X 10 X 10 mm, having 3 sur 
faces ~respectively being parallel to the 3 crystal planes 
of (3304), (1120) and (3308). When one of the test 
pieces was subjected to pressure at a temperature of 
550°C and at a pressure of 30 kg/mm'2 in the direction 
perpendicular to the (3304) plane, using a oil 
hydraulic press machine to deform it plastically in the 
ec(M) phase, it was found that a rapid shrinkage in the 
pressuring direction took place within several minutes 
(B point) after the pressuring was begun (A‘ point), 
leading to a rapid and notable plastic deformation. (See 
the deformation curve of FIG. 3.) This rapid shrinkage 
in the pressuring direction reached a saturation (C 
point) at a degree of shrinkage of 15%, as expressed by 
the ratio of the length of the test piece before and the 
length of the test piece after pressuring, and barely 
underwent a change (D point), even though the pres 
suring time was extended beyond that point. The mag 
netic characteristics of this test piece after being sub 
jected to a warm deforming operation were measured 
to be low, but by subjecting this test piece to tempering 
at a temperature of 570°C, an anisotropic magnet hav 
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ing very excellent magnetic characteristics oriented in 
one direction with its preferred direction of magnetiza 
tion at about right angles to the pressuring direction 
was obtained. 

For the purpose of making detailed studies of the 
phenomenon that a rapid and notable plastic deforma 
tion is induced by warm deformation of the ev(M) 
phase and of the phenomenon that, by tempering after 
this deformation, anisotropic magnets oriented in one 
direction are obtained, similar experiments as that 
above described were pursued, with the degree of de 
formation diversi?ed as described below, to examine 
the phase of the test piece in deformation process. 

First, the test piece deformed by pressuring to B 
point just before the rapid plastic deformation begins is 
designated as S1, the test piece deformed by pressuring 
to E point intermediary between B point and C point as 
S2, the test piece deformed by pressuring just before C 
point where the rapid plastic deformation ends as S3, 
and the test piece deformed by pressuring to D point 
mentioned above as S4, respectively. The degrees of 
deformation in these test pieces were found to be: 
S,—1.9%, 82-73%, S3—l4.6% and S4-—15.0%. With 
regard to the shape of the test pieces after being sub 
jected to this warm deformation, the degrees of elonga 
tion were different in the directions of measurement in 
every test piece, particularly, in the test pieces of S3 and 
S4, elongations in the direction corresponding to the 
direction perpendicular to (3308) before their pressur 
ing were notable, but only small elongations were rec 
ognized in the direction corresponding to the direction 
perpendicular to (1 120) before their pressuring. 
As the phase of these 4 test pieces after being de 

formed was examined by way of X-ray diffraction, with 
the test pieces of S1, S2 and S3, a quite new diffraction 
pattern which has never been observed before from 
either the Mn-Al alloys or the Mn~Al~C alloys was 
found. This quite new diffraction pattern, as a result of 
its analysis, was found to be due to the existence of a 
new phase of orthorhombic structure with lattice con 
stants of a = 4.371A, b = 2.758A and c = 4.582A, 

which crystal structure belongs to B19 type (MgCd 
type) in terms of the Struktur-Bericht type expression, 
thus making evident the existence of quite a new phase 

, differing from the usual phases e, E8, 1', re, 01' such car 
bides as Mn3AlC. It was also clari?ed that this ortho 
rhombic crystal phase is an order phase which makes 

_ its appearance at the intermediary stage in the 66 —> "rt 
transformation process, and the e —> cc’ transforma 
tion is an order-disorder transformation, where so’ des 
ignates the order phase of this orthorhombic crystal. 

In Table 1, the results of the X-ray diffraction of the 
6c’ phase by the powder method are shown. With the 
test piece of S1, only the diffracted lines from the afore 
mentioned new e,’ phase were found, except for the 
diffracted lines due to the lamellar MnaAlC phase, and 
moreover, it became apparent that the 6,.’ phase is a 
crystal oriented in one direction, and that between the 
ec phase of the matrix before the pressuring and the 60’ 
phase of the matrix after the pressuring, there exists 
crystal orientation relationships of 
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10 
Table 1 

Observed Calculated 
values values 

lnterfacial Relative Miller lnterfacial Relative 
distance (A) intensity indiccs distance (A) intensity 

4.587 5 001 4.582 7.4 
3.162 8 101 3.163 17.3 
2.764 3 010 2.758 7.0 
2.363 14 011 2.363 24.9 
2.292 16 002 2.291 12.4 
2.186 44 200 2.186 ,41.0 
2.077 100 111 2.079 100.0 
2.033 38 102 2.029 49.9 

201 1.973 1.3 
012 1.762 0.8 

1.712 3 210 1713 11.4 
112 1 643 3.8 

1.606 13 211 1.604 14.1 
1.586 6 202 1.581 7.1 

003 1.527 1.0 
301 1.388 1.1 

1.381 6 020 1.379 8.7 
212 1 372 0.7 

1.338 11 013 1336 17.3 
021 1.320 0.3 
121 1.264 1.6 
203 1 252 1.2 

1.240 16 '311 1.240 22.9 
1.228 6 302 1.229 11.4 

022 1.181 3.7 
1.167 16 220 1166 15.1 

004 1 146 1.9 
1.1411 24- 122 1.141 23.2 

213 1.140 30.2 

With the test piece of S2, the diffracted lines from the 
6,,’ phase and the diffracted lines from the "r, phase 
existed, besides the diffracted lines from the lamellar 
Mn3A1C phase, and moreover, the st’ phase and the TC 
phase were both oriented to one direction. With the 
test piece of S3, the diffracted lines from a small 
amount of 66’ phase and a large amount of re phase 
existed, besides the diffracted lines from the lamellar 
Mn3AlC phase, ‘and moreover, the £6’ phase and r‘. 
phase were both unidirectionally oriented as in the case 
of S2. Between the unidirectionally oriented 6c’ phase 
and re phase, there existed such a speci?c crystal orien 
tation relationship as: 

With the test piece of S4, only the diffracted lines from 
the 1". phase were found, other than the diffracted lines 
from the lamellar Mn3A1C phase, and moreover, the ‘re 
phase was found nearly unidirectionally oriented. 
The angle of the diffracted lines from the 70 phase in 

the test pieces of S2, S3 and S, were a little deviated 
from the angles of the diffracted lines from the ordinary 
TC phase in the isotropic Mn-Al-C alloy magnets, and 
thus, some difference in lattice constants was observed. 
As these test pieces after being deformed were sub 

jected to a tempering (tempering temperature 580°C) 
without pressing, the magnetic characteristics of the 
test pieces after being tempered improved with the 
increasing tempering time; very excellent anisotropic 
magnets having respectively their magnetic character 
istics shown in Table 2 were obtained in the tempering 
time of 18 hours with S1, 24 hours with S2, 30 hours 
with S3 and 15 hours with S4. 

It is to note that the right angle direction (1) in Table 
2 denotes the measuring direction at a right angle to the 
pressuring direction and corresponding to the direction 
perpendicular to the (1120) plane before the pressur 
ing, and the right angle direction (2) the measuring 
direction at a right angle to the pressuring direction but 
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co£re_sponding t0 the direction perpendicular to the 
(3308) plane before the pressuring. 

l2 
cess followed from A point to B point in FIG. 3, and the 
shrinkage in the pressuring direction is not excessively 

Table 2 

After the deforming After the tempering 
Name of Measuring direction Br B”“ BHmax Br 8"‘ BHmax 
test piece (G) (0e) (X 1()“G.Oe) (G) (0e) (X 10“G.Oe) 

Pressuring direction 1,100 450 0.3 
S, Right angle direction (I) Nonmagnetic = 0 = 0 z 0 

Right angle direction (2) 6,650 1,950 6.5 
Pressuring direction "c 0 = 0 = 0 750 300 0.1 

5; Right angle direction (1) = 0 =1 0 == 0 e1 0 = 0 == 0 
Right angle direction (2) 200 I00 <O.l 6,850 2,150 7.2 
Pressuring direction = 0 z 0 == 0 = () = 0 = 0 

S_-l Right angle direction (1) = 0 = 0 = 0 = 0 = 0 = 0 
Right angle direction (2) 550 200 0.1 6,900 2,300 9.1 
Pressuring direction 950 500 0.2 1,400 600 0.3 

$4 Right angle direction ( l) 200 100 <0.1 500 200 <0.l 
Right angle direction (2) 4,300 1,650 1.3 6,700 2,250 6.8 

Of these test pieces, that of 8;; after being tempered 
was found, as a result of observation by X-ray diffrac 

20 large. - tion, to be a 1,.(M) monocrystal with its C axis, the easy 
axis of magnetization of the 1', phase of the matrix, 
oriented in the direction making an angle of about 82° 
to the pressuring direction. As this test piece was cut 
out, and its magnetic characteristics in the easy direc 
tion of magnetization (C axis direction) were mea 
sured, they were found to be very excellent: 

Br = 7.000 G 8”" = 2,300 Oe 
4171,00“, = 7.100 G l”r= 2,350 Oe 

When a disc test piece containing the easy direction of 
magnetization in the direction parallel to the disc sur 
face was cut out of this monocrystal test piece, and its 
magnetic torque was measured, its value (it corre 
sponds to an anisotropy constant) was found to be 1.07 
X 107 dyne-cm/cm“. Furthermore, the magnetic torque 
was measured likewise of the test pieces of S1, S2 and 8., 
after being tempered. The values were respectively, 
0.93 X 107 dyne-cm/cma, 0.97 X 107 dyne-cm/cm3 and 
0.95 X 107 dyne-cm/cma, and as the degree of aniso 
tropization was expressed by their ratio to the value of 
magnetic torque of monocrystal, i.e., the 1.07 X 107 
dyne-cm/cm3 above mentioned, all of these test pieces 
had such very high degrees ofv anisotropization, e.g. 
more than 0.9. 
The crystal direction of the re phase after being tem 

pered was the same as the crystal direction of the Te 
phase before being tempered, and the change in the 
crystal direction of the 1,. phase due to the tempering 
was barely recognized. 
Furthermore, as a result of making detailed studies of 

the phenomenon of rapid plastic deformation in the 
warm deforming of the E,.( M) phase above described 
and of the process of forming the unidirectionally ori 
ented anisotropic magnets, it became evident that these 
phenomena are based on the eC —> 6c’ —+ T,- transfor 
mation made in speci?c crystal orientation relation 
ships. 
Thus, when a monocrystal in the ec(M) phase is pres 

sured in the direction above mentioned, the matrix 
turns into a monocrystal in 6,.’ having the crystal orien 
tation relationships of 1 

6,. (0001) l/ 6,.’ (100) 
6,10001] //€,.' [100] 

through an order-disorder transformation of er —» 6,’. 
This 6‘. —> e,’ transformation corresponds to the pro 
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Furthermore, the '66’ monocrystal transforms into a TC 
monocrystal having the relationship of 6,.’ (100) // 1', 
(l l 1) through the 66' —> 'rc martensitic transformation 
in which the speci?c (100) plane slides to the direction 
of [001 ] at a speci?c distance. 
The sliding of the plane to the speci?c direction rap 

idly takes place in avalance-like manner, and induces a 
rapid shrinkage in the pressuring direction from point B 
to point C. Then, at the point of time when the sliding 
of all of the plane in the monocrystal has ?nished, that 
is to say, all parts of e,’ transformed into TL‘, i.e., at point 
C, the shrinkage in the pressuring direction stops. After 
all parts of 66’ had been transformed into 1c, little defor 
mation occurred, even when the pressuring was contin 
ued. 
FIG. 4 presents diagrams showing the changing pro 

cess of the crystal structure in the 6,. -> so’ —> 7,, trans 
formation described above. FIG. 4-(1) represents a 
diagram showing the crystal structure of the phase of 
so, (2) that of e’, and (3) that of re. The diagram of ( l) 
portrays a view of the 66 phase taken from the direc 
tion_s perpendicular respectively to its (0001 ) plane and 
(1120) plane; (2), that of e,’ seen perpendicular to its 
(100) plane and (010) plane; and (3), that of 7,. seen 
perpendicular to its (11 1) plane and (1T0) plane. The 
solid lines designate respective crystal lattices; the dot 
ted lines, the locational relationship of atoms; and the 
arrows, the moving direction of the plane of atoms. The 
double circles @ indicate the positions of atoms of Mn 
or Al in the disorder structure; the blank circle O and 
the solid circle . respectively show the positions of 
atoms of Al and Mn in the order structure. The posi 
tions of atoms of carbon being in the state of solid 
solution were omitted. ' 

The "re after being deformed has very low magnetic 
characteristics, but it turns into an anisotropic magnet 
having very excellent magnetic characteristics when 
tempered. 

It became apparent that based on such a mechanism, 
the phenomenon of rapid plastic deformation takes 
place, and the unidirectionally oriented anisotropic 
magnet is formed. Accordingly, the optical microstruc 
ture of the test piece after being subjected to the warm 
deforming was found to be quite uniform and smooth, 
although the existence of the lamellar Mn3A1C phase 
was observed, as shown by the structure photograph at 
a multiplicity of 1,000 in FIG. 5, and the fragmented or 
broken structure of crystal due to slip lines or twin 
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structure which were observed in the structure of ordi 
nary alloys after being deformed were not observed. 

It became evident that the rapid plastic deformation 
in the warm deformation of the 6AM) phase is not the 

14 
c. a face making right angles to (a) and (b). 
The cut out test pieces were deformed by applying a 

pressure of 103-40 kg/mm2 on a oil-hydraulic press at a 
temperature range of 500°—850°C, and were then, fur 

. bra face parallel to the crystal face containing the 
pressuring direction and the 6.,[0001] direction, 
and‘ 

deformation due to slip or twin which is observed in the 5 ther subjected to a tempering in the temperature range 
ordinary plastic deforming of other metals or alloys, of 550°—650°C. The preferred direction of magnetiza 
but the deformation based on the EC’ —> rmartensitic tion of the test pieces after being tempered was deter 
transformation. Accordingly, the saturation of this de- mined by way of X-ray diffraction or measurement of 
formation is based on a mechanism entirely different magnetic torque or measurement of the magnetization 
from that of the saturation of the ordinary deformation 10 curves in varied directions, and its magnetic character 
due to the hardening by the working of metals or alloys. istics in the preferred direction of magnetization were 
Furthermore, it was made clear that the anisotropy of measured. 
elongation in the test piece after being worked men- Table 3 shows the conditions of warm deformation 
tioned above is due to the sliding of the specific plane (pressuring direction, pressuring temperature, degree 
to a specific direction in the 6c’ —> re transformation. 15 of deformation in the pressuring direction.) of each test 

In the test piece of S1 and S2, shrinkages in the direc- piece and the values of its magnetic characteristics in 
tion of former pressuring were recognized after making the preferred direction of magnetization after temper 
the tempering, and S1 was found to have shrunk by ing. The pressuring direction was further distinguished 
5.5%, and S2 by 6.0% after making the tempering as by expressing it by the angles of 01 and 02, assuming the 
compared to before making the tempering. A likely 20 angle made by the pressuring direction and the 
interpretation of this phenomenon is: from EC’ crystal EL-[OOOI] direction as 01 and the angle made by the 
which is formed by transforming under pressure, direc- projected axis of the pifssuring direction on the 
tionally oriented 1,: crystal seems to have been formed ec(000l) face and the 6,1 l 100] as 02. For example, the 
even by the so’ ——> 1°C transformation without pressure. pressuring _direction of 01 = 90°, 02 = 0° is perpendicular 
In order to obtain unidirectionally oriented magnets 25 to the ec( l 100) plane _and the pressuring direction per 
having the most excellent magnetic characteristics, pendicular to the (3304) plane of Example 3 is ex 
however, it is essential to proceed with the warm de- pressed approximately by 61 = 55°, 02 = 0°. 

Table 3 

Designation Pressuring Degree of 
of test piece direction Temperature deformation Br 8”‘ (BH)max 

(T) (%> (o) (06) (>< 1000.06) 

. s5 0° 0° 600 —08 3,300 1.400 1.8 
5., 20° 0° 550 — 2.6 4,750 1,550 3.3 
s7 35° 0° 550 —12.0 6.500 2.050 7.2 
51. 55° 0° 500 — 0.2 2,900 1,500 1.6 
s, 55° 0° 530 -14.8 6,900 2,250 9.0 
s", 55° 0° 720 —14.5 6,800 2,200 8.1 
sll 55° 0° 850 —14.0 2,600 1,600 1.4 
5,2 55° 0° 650 — 0.4 2.950 1,400 1.1 
s“, 55° 0° 600 725.0 3.100 1,800 2.0 
sH 70° 0° 580 —12.0 6,600 2,000 7.3 
5,, 90° 0° 530 — 2.0 6,250 2,300 7.6 
s... 90° 0° 560 — 3.2 6,100 2,150 7.0 
5,, 35° . 10° 1330 —12.9 6,400 2,100 7.0 
s“, 35° 15° 550 —11.7 6,350 2.050 6.6 
s", 70° 15° 600 —10.0 6,400 1,750 6.2 
5,, 55° , 20° 650 -6.2 4,150 1,500 2.3 
s21 50° 30° 580 — 4.4 3,700 1,350 2.2 
522 90° 30° 560 — 0.5 3,300 1.300 1.7 

forming just before reaching the saturation deforma- Considering the symmetry of the hexagonal crystal, 
- tion, i.e., just before C point in FIG. 3. 01 and 02 were assumed to fall within the angle ranges of 

EXAMPLE 4 50 0° s 01 s 90°, 0° $ 62 S 30°. All pressuring direc 
' tions falling outside these angle ranges can be replaced 
An experiment of plastic warm deforming similar to in terms of the pressuring directions falling within the 

that of Example 3 was performed by changing the pres- aforementioned angle ranges, on the basis of the sym 
suring direction, pressuring temperature and pressuring metry of the hexagonal crystal. 
force. ‘ , 55 the results of the experiments conducted by altering 
A monocrystal in the @(M) phase of an Mn-Al-C the pressuring direction were that most of the pressur 

alloy having the composition of Mn 71.93%, Al 27.02% ing directions were effective in producing anisotropic 
and C 1.05%, as chemically analyzed, was manufac- magnets, but large differences were recognized in the 
tured by the similar method as that of Example 2, and values of the magnetic characteristics, depending on 
from this monocrystal in the 6C(M) phase, a cubic or 60 the pressuring direction. Especially when the pressur~ 
rectangular monocrystal test piece to be pressured ing direction fell within the angle ranges of 35° s 61 
having sides of 5-12 mm were cut out. The test piece to s 90°, 0° s 02 $ 15°, anisotropic magnets having 
be pressured were so cut out as to have 3 faces (a), (b) , very excellent magnetic characteristics with (Bl-I)max 
and (0) making a right angle to each other: in their preferred direction of magnetization above 6 X 

a.1a face perpendicular to the pressuring direction, 65 I06 G.Oe were obtained. On the other hand, in the 
cases of the pressuring directions being 0, = O, 02 = 0, 
and 01 90°, 02 = 30°, the magnets obtained were 
nearly isotropic, allowing only some predominance in 



3,976,519 
15 

magnetic characteristics in the direction at a right angle 
to the pressuring direction. The preferred direction of 
magnetization where the maximum values of magnetic 
characteristics appear varies, depending on the pres 
suring direction used. For example, when 01= 55°, 62 = 
0°, the test piece S9 showed such a direction making an 
angle of about 82° to the pressuring direction, and 
when 0, = 70°, 62 = 0°, the test piece SH showed a 
direction making about 70° to the pressuring direction. 
All of them obtained were in the @(M) phase unidirec 
tionally oriented in which the 71-[001 ] axis was abound 
ing in the preferred direction of magnetization. In the 
test piece S15, and when 61 = 90°, 02 = 0, the preferred 
direction of magnetization lay in the pressuring direc 
tion, but the rc[00l] axis did not lie in the pressuring 
direction. But the @[001] axis was found in two direc 
tions making an angle of about 37° to the pressuring 
direction as the center of symmetry. 
The magnetic characteristics of the "rC(M) crystals 

which are formed from the ec(M) monocrystals by 
warm deformation and tempering depend on the de 
gree of orientation of the TAM) crystals. The orienta 
tion of the 'rc(M) crystals relates closely to the direction 
of pressure. And also, the orientation relates to the 
orientation of the ec’(M) phase before being trans 
formed: thus when the pressuring direction falls within 
the angle ranges of 35° s 0, s 90°, 0° s 02 s 15°, 
the 6,,’ phase of the matrix formed by the 6,. ——> e,’ 
transformation is nearly unidirectionally oriented, and 
then, the one-directional or two-directional 'rc phase 
was formed by the ensuing so’ -> 'rc transformation. 
On the other hand, it was made clear by the X-ray 
diffraction that when the pressuring directions are 0, = 
0°, 62 = 0°, and 6, = 90°, 02 = 30° multi-directional e,’ 
(M) phase is formed, with resultant formation of the 
multi-directional 7AM) phase. 
Accordingly, it was con?rmed that it is essential to 

form a nearly uni-directional e/(M) phase, in order to 
obtain anisotropic magnets having magnetic character 
istics of (BI-I)max above 6.0 X 106 G.Oe. 
When varying pressuring temperatures were used, in 

case of pressuring directions falling within the angle 
ranges of 35° s (111 s 90°, 0° s 02 a 15° were used, 
within the temperature range of 530° — 830°, aniso 
tropic magnets having excellent magnetic characteris 
tics of (Bl-[)max above 6 X 106 60c were obtained, 
but below the temperature of 500°C, anisotropization 
did not occur with almost negligible plasticity, and 
above the temperature of 850°C, the magnetic charac 
teristics were nearly isotropic, with lessened plasticity. 
Besides, deformation velocity increases with a rising 
temperature rise up to 750°C. 
As the relationship between the degree of deforma 

tion and the magnetic characteristics was examined, 
the magnetic characteristics of the test pieces remained 
low, when the test pieces pressured in directions falling 
with the angle ranges of 35° s 61 s 90°, 0° s 0, s 
15° shrunk beyond the degree of saturation deforma 
tion described later, as previously described in Exam 
ple 3, or when the degree of deformation did not reach 
to one-tenth of the degree of saturation deformation. 
The degree of saturation deformation is given by 

theoretically calculating, on the basis of the mechanism 
of transformation of Example 3, the degree of deforma 
tion measured as it reaches the saturation in the pres 
suring direction, when the er (M) monocrystal turns 
into the T,‘ (M) monocrystal by way of ac -» e,’ _> 7, 
transformation due to the slide of the plane of atoms in 
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16 
the specific direction mentioned in Example 3. Accord 
ingly, the degree of saturation deformation differs, 
depending on the pressuring direction. For example, 
the degree of saturation deformation obtained when 01 
was changed, with 62 = 0°, are shown in FIG. 6. Test 
pieces deformed beyond the degrees of their saturation 
deformation showed isotropic elongation, were not 
directionally oriented in their magnetic characteristics, 
and were all ascertained to consist of a multi-direction— 
ally oriented 'rC (M) phase, as examined byway of 
X-ray diffraction. 

EXAMPLE 5 

From the same €,_-(M) monocrystal as in Example 3, a 
cubic test piece of 8 5 8 X 8 mm having faces of 
(0001), ( ITOO) and ( l 120) was cut out, and then it was 
held at a temperature of 500°C for 5 minutes. The 
phase structure of this test piece was examined by way 
of X-ray diffraction; as the result, it was recognized that 
the Q’ (M) phase occupies a greater part of the phase 
of the test piece. 
This test piece was pressured and deformed at a tem 

perature of 550°C, at pressure of of 35 kg/mm2 in the 
direction perpendicular to (1100) plane and its mag 
netic characteristics were measured. The magnetic 
characteristics found in the pressuring direction were; 

Br = 5300 0, "He = 2200 0e, (BH)max = 4.1 X10“ 
G.Oe 

Then, this test piece was held further at a temperature 
of 600°C for 1 hour, as the result, an anisotropic mag 
net was obtained, having magnetic characteristics of: 

Br= 5700 G, "H0: 2100 Oz, (BH)max = 5.2 X106 
G.Oe 

Thus, it was clari?ed that the anisotropic Mn-Al-C 
alloy magnet-can be obtained by deforming the 6c’ (M) 
phase. 

EXAMPLE 6 

A Mn-Al-C alloy having the unidirectional 'rv(M) 
phase manufactured by the methods of Examples 3 and 
4 was subjected to a warm plastic deformation with the 
pressuring direction altered. 
The test piece 8,, in the unidirectional 1C (M) phase 

manufactured by way of a warm plastic deforming and 
tempering in Example 4 was pressured again by apply 
ing a pressure of 40 kg/mm2 at a temperature of 600°C 
in the same direction as that of the initial pressuring. In 
that operation, barely any deformation took place. 
Then, as the pressuring was continued, with the pres 
sure further increased to 80 kglmmz, the test piece 
shrunk by 8% in the pressuring direction, and isotropi 
cally elongated at a right angle to the pressuring direc 
tion. Measurement of the magnetic characteristics of 
the test piece after being pressured showed that the 
unidirectional orientation of the TAM) phase are dis 
turbed, and the magnetic characteristic in the preferred 
direction of magnetization before making the pressur 
ing greatly lowered the BI-lmax to 3.8 X 106 G.Oe. 
As the test piece of S3 consisting of the monocrystal 

in the 1',- (M) phase after being tempered in Example 3 " 
was pressurized again by applying a pressure of 40 
kg/mm2 at a temperature of 600°C in the direction 
parallel to the direction of easy magnetization which 
was nearly at a right angle to the initial pressuring di 
rection, a rapid plastic deformation reaching the simi 



3,976,519 
17 

lar saturation as that of FIG. 3 was observed. The de 
gree of shrinkage in the pressuring direction reached 
—27%, while the elongation in the direction at a right 
angle to the pressuring direction was as large as 28% in 
the direction parallel to the initial pressuring direction, 
and only about 1% elongation was recognized in an 
other right angle direction; thus a directional difference 
in elongation was evident. As the magnetic characteris 
tics of this test piece were measured, the preferred 
direction of magnetization greatly shifted toward the 
direction in which a notable elongation took place, that 
is, the direction nearly parallel to the initial pressuring 
direction, and accordingly, the magnetic characteris 
tics in the preferred direction of magnetization vob 
served before making the pressuring, that is, the pres 
suring direction, were distinctly lowered. 
The phenomena of the notable plastic deformation 

taking place as the monocrystalline test piece in the 1', 
(M) phase is pressured in the preferred direction of 
magnetization, and of the preferred direction of mag 
netization greatly shifting, as noted by the examination 
of X-ray diffraction and electron-microscopic observa 
tions, were clari?ed to be based on the reversibility of 
the 6c’ 2 7c transformation involving the slide of the 
plane of atoms in just the opposite direction to that 
speci?c direction in which the slide of the plane of 
atoms occurs in the previously described 6,.’ _> To 
transformation. 
As the monocrystal in the 1C (M) phase formed by the 

e,’ _> 16 transformation of Example 3 is pressured in 
the preferred direction of magnetization, that is, in the 
direction of 1c[00l], the surface of atoms parallel to 
the 7,.(111) plane which holds the relationship of 6c’ 
(100) // Tc ( l l l ), slides by a speci_?_c distance, receiving 
the stress in the direction of 7,.[112]. This transfer of 
the plane of atoms is a slide just in opposite direction to 
that of the transfer in the 6,.’ [001] direction in the 
plane of atoms parallel to the so’ (100) plane in the e,’ 
_-> 76 transformation which corresponds to the ‘re _> 

so’ transformation. Furthermore, from the 6c’ phase 
formed by the 1, —> £6’ transformation, by sliding at a 
speci?c distance in the direction of the 6c’ [001] in the 
plane of atoms parallel to the 66’ (100) plane, a new 
unidirectional 16 phase which is different in crystalline 
azimuth from the 1',- phase before making the pressuring 
is formed. Such a slide of the plane of atoms parallel to 
the 1'0 (111) plane was recognized only on the plane of 
atoms parallel to the 7,.(111) plane which- holds the 

' relationship of 6,,’ (100) 11 TC ( l 1 l ), but the surface of 
- atoms parallel to a group group of other 16 ( l l l ) planes 
differing in the surface direction evidenced no slide. 
The structure after making the pressuring, as examined 
on an optical microscope, was found to be a uniform 
smooth structure except for they lamellar Mn3AlC 
phase, just as described in Example 3, and such struc 
tures as that having slip lines and the like were not 
observed. The magnetic characteristics of the newly 
formed 7,, (M) phase in the preferred direction of mag 
netization were found to be: 

As the test piece of S15 of Example 4 having two differ 
ent 7,.[00l] axes was pressured by applying a pressure 
of 35 kg/mm‘’ at a temperature of 600°C in the direc— 
tion parallel to one rc[001] axis, a rapid plastic defor 
mation reaching the similar saturation as that of FIG. 3 
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was observed, and a directional difference in elonga 
tion was recognized. As the test piece which has been 
pressured was examined by way of X-ray diffraction, it 
was confirmed that this test piece was in a unidirec 
tional r, (M) phase, that the direction of its r, [001] 
axis was parallel to the direction of one 1', [001] axis 
observed before making the pressuring which differed 
from the pressuring direction and that one To [001] axis 
was shifted to the other To [001] axis by the pressuring. 
This shifting of 1', [00l] axis was determined to be 
based on the reversibility of the £6’ 3 1-r transforma 
tion above described. The preferred direction of mag 
netization of the test piece which had been deformed 
was found identical to the direction of the "re [001] axis, 
and its magnetic characteristics were found to be: 

Br = 6,800 G Hc = L850 Oe BHmax = 6.9 X l06 
G.Oe 

showing an improved Br, as compared with the mag 
netic characteristic in the preferred direction of mag 
netization observed before the deformation. Besides, it 
was determined that it is hard to cause the 1-0 -+ 6,,’ 
transformation at a temperature other than 50°C above 
that which causes 6,.’ —> ':'C transformation, and that 
deformationvelocity of test piece in e6’ 2 re transfor 
mation increases with temperature rise up to 750°C. 

EXAMPLE 7 

From a monocrystal in the 6, phase having a compo 
sition of Mn 71.95%, Al 26.95% and C 1.10%, as chem 
ically analyzed, which had been manufactured by a 
method similar to that of Example 1, cubic or rectangu 
lar test pieces having varied crystalline surfaces and 
sides of 5 — 12 mm were cut out, and each test piece 
was put to the similar tests as those of Examples 3 and 
4. Then, results showing qualitatively the similar ten 
dencies as observed in Examples 3 and 4 in the rela 
tionship between the pressuring direction and the de 
gree of deformation, the relationship between the pres 
suring direction and the degree of anisotropization, 
etc., were observed and the existence of the 60' phase, 
was con?rmed by way of X~ray diffraction. 
The experimental results obtained with a test piece in 

the so phase having no lamellar Mn3AlC phase, as com 
pared with the test results with the test pieces of Exam 
ples 3 and 4 in which MnaAlC was separated in lamel 
lae, showed that its deformability was low, accordingly 
that, while in the cases of Examples 3 and 4, pressure of 
only 15 - 40 kg/mm2 were required for making the 
deformation, in this case, a pressure of 35 — 60 kg/mm2 
being several ten percentages larger than those above 
mention was needed, and that even the anisotropic 
magnet, because of the low orientation in its re phase, 
was found to be an anisotropic magnet with inferior 
magnetic characteristics to those of Examples 3 and 4. 
For example, as a monocrystalline 60 test piece con 

sisting of the above-mentioned composition was pres 
sured in the pressuring direction of 01 = 90°, 62 = 0° and 
under the condition of the pressuring temperature 
being 560°C and the pressuring force 50 kglmmz, the 
degree of deformation in the pressuring direction was 
found to be ~—1.9%, and the measurements of its mag 
netic characteristics showed it to be quite non-mag 
netic. As the test piece which had been pressured was 
examined by way of X-ray diffraction in varied direc 
tions, only the diffraction pattern from the so’ phase 
was observed, and it was found to have its at’ [001] axis 
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mainly in the pressuring direction, but was not identi 
tied as a monocrystal. Then, as its phase was observed 
under an optical microscope, a structure nearly criss 
crossing was recognized in the surface of the test piece, 
and a crystal in the 6,’ phase differing in crystalline 
azimuth was observed. As 'the test piece which had 
been pressured was subjected to a tempering at 570°C 
for 4 hours, an anisotropic magnet with its preferred 
direction of magnetization in the pressuring direction 
was obtained. 

lts magnetic characteristics were found in the pres 
suring direction to be: 

Br = 5.450 G "He = 2,200 00 BHmax = 3.3 X l0“ 
0.02 ' 

In the direction at a right angle to the pressuring 
direction and corresponding to the [1120] direction 
before making the pressuring the magnetic characteris 
tics were: ' 

Br= 1,000 O HHc= 600 Oe BHmax =O.2 X 10“G.Oe 

In another direction at a right angle to the pressuring 
direction the magnetic characteristics were: 

Br = 2,400 G “He = 1,400 02 (BH)max = 0.9 X 
10“G.Oe 

Comparing these values of magnetic characteristics 
with those of magnetic characteristics obtained in the 
similar experiment in Example 4, Br was found about 
20% lower in the preferred direction of magnetization, 
(BH)max about one half, and the degree of angularity 
of the magnetization curve in the second quadrant was 
lessened, showing a lowered degree of anistropizaiton 
from that of Example 4. 
Moreover, even when the above-mentioned condi 

tions of the pressuring temperature, pressuring force 
and the degree of deformation, and the tempering con 
dition after making the pressuring were altered, any 
further improvement in the magnetic characteristics 
was recognized. 
Furthermore, when the pressuring direction was 

widely varied, every test piece, as compared with those 
of Example 4, gave magnetic characteristics of Br being 
about 10 — 30% lower and (BH)max about one half, 
showing an essential difference due to the existence of 
the Mn3A1C phase from the results of Example 4. 
As the causes of the difference in the magnetic char 

acteristics between Example 4 and Example 7 were 
examined by way of optical microscope and X-ray 
diffraction, it was determined that in the process of 
warm deformation of Example 4, the lamellar MnaAlC 
phase had the effect of enhancing the orientation of the 
66’ phase by subduing the evolution of such multi-direc 
tional e6’ phases as the twin of the matrix G6’ phase, and 
accordingly, the orientation of the matrix 'rc phase, 
after being tempered, as observed in Example 4, was 
superior to that of Example 7, showing a remarkable 
improvement in magnetic characteristics over the re 
sults of Example 7. 
As described hereabove, the MnaAlC phase sepa 

rated out in lamellae by the M treatment has not only 
the effect of facilitating the sliding of the plane of 
atoms in the Mn-Al-C alloys, thereby making the warm 
deformation with a low pressure feasible, but also the 
effect of enhancing the directionalization by control 
ling the azimuth in the formation of the crystal. Ac 
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cordingly, it became evident that the existence of the 
lamellar Mn3AlC phase is very important in the obten 
tion of anisotropic magnets high in the degree of aniso 
tropization and having quite excellent magnetic char 
acteristics. 

EXAMPLE 8 

An attempt was made to manufacture the e mono— 
crystal from an Mn~Al alloy having a composition of 
Mn 71.81%, Al 28.19%, as chemically analyzed, by the 
melting and cooling method, as in Example 1. The alloy 
obtained was a polycrystal in which the remaining e 
phase was very small in amount; the most part con 
sisted of the B-Mn phase and the AlMn(y) phase, and 
some part was recognized to be the r phase. A nearly 
similar tendency as above mentioned was observed 
when the composition of Mn and Al, melting condi 
tions and cooling conditions were widely varied, and 
notable cracks developed when the alloy was quenched 
into water from such a higher temperature as above 
900°C in order to obtain the 6 phase. On the other 
hand, when a Mn-Al binary alloy of the same composi 
tion, as mentioned above, was heated for one week at a 
temperature of 1,l00° — 1,200°C, to accelerate its re 
crystallization as the 6 phase, and was then quenched 
into water from this temperature, the test speciment 
had heave cracks, but the 6 phase having particle diam 
eters of about 3 — 5mm could be obtained. From this 
crystal in the 6 phase, cubic te_st pieces of 3 X 3 X 3__mm 
having surfaces parallel to (3304), (l 150) and (>330§) 
which were chosen from among parts having relatively 
large crystalline grains were cut out, and were pres 
sured to a degree of deformation of —l4.7% under a 
condition of pressuring with a force of 40 kg/mm2, at a 
temperature of 530°C in the direction of 01 = 55° agd 02 
= 0°, i.e., in the direction perpendicular to the (3304) 
plane. 
The test piece was found out to be an isotropic mag 

net; its elongation was isotropic, and its magnetic char 
acteristics were: 

Br= 1,350 G BHc=650 Oe BHmax =0.2 X l0“G.Oe 

As the test speciment after being deformed was ex 
amined by way of X-ray diffraction, the existence of the 
diffracted lines from the 1 phase, B-Mn phase and 
AlMn(7) phase was evident, but the orientation of the 
7 phase was barely recognizable. 
Even when the pressuring temperature, the pressure 

and the degree of deformation were widely varied, the 
similar tendency as above mentioned prevailed, and 
test-pieces being in the r phase only could not be ob 
tained, which evidences lack of anisotropization. This 
result is believed to be due to the low stability of the 6 
phase and the 1- phase. Also, it is dif?cult that in the 
Mn-Al alloys, unlike the Mn-Al~C alloys, the 1- phase 
exists at above 530°C, and also their decomposition to 
the AlMn('y) phase and the B-Mn phase is accelerated 
by the warm deformation. Moreover, the directional 
control effect by the lamellar MngAlC phase above 
described is absent. 

EXAMPLE 9 

A monocrystal or a polycrystal within large crystal 
line grains in the e or 6(- (M) phase of Mn-Al-C alloys 
with its composition of Mn, A1 and C varied within the 
range of Mn 67.0 — 74.0% and C 0.1 ~ 2.5% was manu 

factured, and from these crystals, monocrystal test 
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pieces in the e or e, (M) phase were cut out, and were 
then pressured at 40 kg/mm2 at a temperature of 570°C 
in the direction of 01 = 55° and 02 = 0°. 

In Table 4, the values of compositions obtained by 
chemical analysis and the values of magnetic character 
istics in the preferred direction of magnetization mea 
sured after tempering following the pressuring, are 
respectively shown. 
The test pieces of S23 and S24 containing carbon in 

amounts falling short of its solubility limit (l/ 10M 
6.6)% were barely turned anisotropic, and with the 
AlMn('y) phase and the ,B-Mn phase separated, their 
magnetic characteristics were low in isotropy. The test 
piece of S25 had a large amount of the ,B-Mn phase, and 
that of S3,, a plenty of the AlMn (7) phase; both were 
low in the degree of anisotropization, and gave low 
magnetic characteristics. All the test specimens of S31, 
S32, and S33 containing carbon in amounts in excess of 
(l/3Mn — 22.2)% had an Al4C3 phase already before 
being deformed, were low in the degree of anisotropi 
zation even after being deformed, and gave nearly iso 
tropic magnetic characteristics. In all these test speci 
mens, S31, S32 and S33, the decaying ~phenomenon was 
recognized. In test specimen S29, the AlMn('y) phase 
was slightly recognized. 
Even when the pressuring condition of direction, 

temperature and degree of deformation and the tem 
pering condition were varied in conducting the experi 
ment with test pieces giving less than BHmax = 2.0 X 
106 602, only such low magnetic characteristics as 
below BHmax = 2.0 X 106 G.Oe were achieved. 

Table 4 

Mn Al C Br B“ (BH)max 
(%) (%) (%) (G) (00) (X 10°G.Oe) 

52;, 72.02 27.43 0.55 1400 900 0.4 
5“ 69.77 30.04 0.19 1100 550 0.2 
525 73.44 25.53 1.03 2500 1250 0.9 

' S25 72.89 25.86 1.25 6450 2350 6.4 
S27 71.58 27.22 1.20 6900 2250 9.0 
$13 70.72 28.29 0.99 6750 2200 8.0 
S“ 68.14 31.41 0.45 6550 1900 6.8 
S“ 67.63 32.17 0.20 1800 850 0.5 
$3; 71.40 26.42 2.18 2500 1400 1.1 
532 70.78 27.77 1.45 2750 1300 1.1 
S33 69.90 28.77 1.33 2600 1250 1.0 

From the experimental results described hereabove, 
it became evident that to attain excellent magnetic 
characteristics higher than BHmax = 6.0 X_ 106 6.0a, 

-'the composition should be limited to the following 
_ ranges: 

Mn 68.0 — 73.0% 

C (I/IOMn - 6.6) — (%Mn — 22.2)% 
. Al remainder 

EXAMPLE 10' 

Mn 72%, Al 27% and C 1% were mixed. The mixture 
was melted at about 1,400°C for 20 minutes, and was 
then, cast in a chill mold. The casting obtained had Mn 
71.83%, Al 27.19% and C 0.98%, as chemically ana 
lyzed, and columnar crystals were observed under an 
optical microscope in the initially solidi?ed vparts. As 
this casting was subjected to the M treatment at 850°C 
for 20 minutes, and was then, quenched from this tem 
perature, a separation of lamellar MII3A1C was recog 
nized in the columnar crystalline grains the lamellar 
pattern showing abounding crystalline grains which 
makes about a right angle to the growing direction of 
the columnar crystals. As this casting was examined by 
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way of X-ray diffraction, the diffracted lines from the 6, 
phase and the lamellar Mn3AlC phase were detected. 
From this casting, a cubic test piece of 6 X 6 X 6 mm 

having a surface perpendicular to the growing direction 
of the columnar crystal was cut out, and then was pres 
sured under a temperature of 650°C and pressure of 45 
kg/mm2. The degree of deformation of the test piece in 
the pressuring direction was found to be —25.5%. The 
test piece after being pressured was nonmagnetic, but 
when tempered at 570°C for 4 hours, it turned into an 
anisotropic magnet with its preferred direction of mag 
netization at a right angle to the pressuring direction. 
Its magnetic characteristics, as measured in the pres 
suring direction, were found to be: 

Br= 2,800 G BHc = 1,500 Oe (BH),,,,,_. = 1.1 X 10° 
G.Oe 

In one direction at a right angle to the pressuring 
direction and parallel to the growing direction of the 
columnar crystal before being pressured the magnetic 
characteristics were: 

Br = 4,300 G HC = 2,350 0e (BH),,,,,, = 3.6 X 10° 
G.Oe 

In another direction at a right angle to the pressuring 
direction: 

Br = 4,750 G HL' = 2,400 08 (BHLM, = 4.9 X 10'’ 
G.Oe 

EXAMPLE 1 1 

Rod shape castings of 9 kinds of Mn-Al-C alloys, P1 — 
P9, having the composition ratios listed in Table 5, were 
manufactured by melting and casting. Melting was 
performed by holding at temperature of 1,430°C for 30 
minutes to melt carbon well into its solid solution. Cy 
lindrical test.pieces of 20mm¢ X 25mm were respec 
tively cut out from them. Then, after vsubjecting each 
test piece cut out to the heat treatment in which after 
heating it at a temperature of l,l50°C for 2 hours, it 
was gradually cooled from this temperature to 830°C at 
a cooling rate of 10° — 15°C/min, and was then held at 
830°C for 20 minutes, it was quenched from 830°C at a 
cooling rate of 300° — 3,000°C/min. and was further 
subjected to a heat treatment of tempering at 600°C for 
1 hour. As each test specimen which had been sub 
jected to the heat treatment was examined as to its 
phase structure by way of X-ray diffraction, optical 
microscopy andelectron microscopy, in the test pieces 
of the compositions of P3 — P9 containing carbon in 
excess of its solubility limit (l/lO Mn -- 6.6)%, the 
lamellar MnaAlC phase and/or face centered cubic 
phase being similar thereto and more especially, in test 
pieces of the composition of P3, P4, P5, P8, was recog 
nized clearly. But in the test pieces of the compositions 
of P1 - P2 with the amount of carbon falling short of the 
solubility limit, the lamellar MnaAlC phase and/or face 
centered cubic phase being similar thereto was not seen 
at all. In the test pieces of the compositions of P3 P9 
with the amount of carbon running in excess of (Va Mn 
- 22.2)%, a separation of Al4C3, in addition to the ‘Tc 
phase and lamellar MnaAlC, and/or face centered 
cubic phase being similar thereto, was observed, and in 
the test piece of the composition of P3, the B-Mn phase, 
and in the test piece of the composition of P-,, the 
AlMn('y) phase, were respectively found existing in a 
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large amount. In test piece of composition of P6, and 
AlMn(y) phase was recognized slightly. 
These test specimens were respectively subjected t 

the following warm deformation. ' 
A test piece having the composition of PI is com 

pressed by pressuring it at a temperature of 680°C, a 
pressure of 50 kg/mm2 and in the axial direction of the 
cylinder to a degree of deformation of —25% in the 
pressuring direction. In the test piece which had been 
subjected to the deformation, numerous cracks were 
found developing. its magnetic 

Table 5 

Mn Al C 

P, 72.08 27.45 0.47 
P2 7021 29.55 0.24 
Pa 73.44 25.51 1.05 
P1 72.36 26.40 1.24 

_ P5 71.63 27.23 1.14 
P,‘ 68.86 30.78 0.40 
P, 67.86 31.8] 0.33 
PM 71.66 26.35 1.99 
P, 69.90 28.67 1.43 

characteristics greatly declined from the characteristic 
of (Bl-l)“, = 0.6 X 1O6G.Oe, as measured before mak 
ing the pressuring, to: 

showing it to be isotropic. As this test piece was exam 
ined by way of X-ray diffraction, large amount of the 
B-Mn phase and AlMn(y) phase were recognized, 
other than a small amount of remaining 1' phase, and 
the additional heat treatment of tempering merely 
caused a further decline in its magnetic characteristics. 
A test piece having the composition of P2 was sub 

jected to a deformation to the degree of deformation of 
—50% by pressuring it at a temperature of 710°C, a 
pressure of 55 kg/m1n2 and in the axial direction of the 
cylinder. The test piece which had been subjected vto 
this deformation was found to be pulverized, and its 
lumpy. grains showed barely any magnetism, as a mag 
net approached it. As this test piece which had been 
subjected to this deformation was examined by way of 
X-ray diffraction, the existence of the 1 phase was not 
recognized at all; only the AlMn('y) phase and the 
,B-Mn phase were detected. This is believed to be due to 
the fact that its decomposition from the 1' phase to the 
A1Mn(y) phase and B-Mn phase was accelerated by 
this warm deformation just as in the case of P1 above 
described. 
A test piece having the composition of P3 was sub 

jected to a compression deformation to a degree of 
deformation of ——40% by pressuring it at a pressure of 
50 kglmmz, at a temperature of 630°C and in the axial 
direction of the cylinder. The test piece which had been 
subjected to this deforming showed its preferred direc 
tion of magnetization in the direction of its diameter 
but the magnetic characteristics found in this direction 
were only; 

Br = 2,600 G “Hr = 1,500 08 (BHLM, = 1.0 X 
1066.02 

Thus, its magnetic characteristics were not improved 
even by an additional tempering treatment. As the test 
piece which had been subjected to this deforming was 
examined by way of X-ray diffraction, the ,B-Mn phase 
was noted in a large amount, which was believed to 
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have worked against the upgrading of its magnetic 
characteristics. 
A test piece having the composition of P4 was ex 

truded to a degree of 65%, at a pressure of 40 kg/mm2 
and a temperature of 720°C, and in the axial direction 
of the cylinder. The degree of extrusion is expressed by 
the percentage of ‘the decrease in the sectional area of 
the test piece, as measured before and after being ex 
truded. The test piece which had been subjected to'the 
extrusion was found to be an excellent anisotropic 
magnet with its preferred direction of magnetization in 
the axial direction of the extruding direction, namely, 
the axial direction of the cylindrical test piece, and its 
magnetic characteristics in the preferred direction of 
magnetization were: ' 

6,100 G 5H6 = 2,200 02 (BH),,,,,, = 5.5 X 
I0“G.Oe 

Br 

As the test piece which had been subjected to the ex 
trusion was examined as to its phase structure by way of 
X-ray diffraction and optical microscopic observation, 
it was found to be in the To phase and the lamellar 
MnaAlC phase, and a streak pattern of the lamellar 
MngAlC phase nearly parallel to the extruding direc 
tion was noticed. A test piece having the composition 
of P4 was subjected to a compression to a degree of 
deformation of —53% by applying a pressuring force of 
45 kg/mm2 in. the axial direction of its cylinder at 
650°C. The preferred direction of magnetization of the 
deformed specimen was found in the diameter direc 
tion of it, with its magnetic characteristics being: 

A test piece having the composition of P5 was sub 
jected to a compression to a degree of deformation of 
—65%, by applying a pressuring force of 45 kg/mm2 in 
the axial direction of its cylinder at 680°C. The pre 
ferred direction of magnetization of the deformed spec 
imen was found in the diameter direction of it, with its 
magnetic characteristics being: 

Br = 5.050 G 5H0 = 2,600 08 (BHLM, = 4.6 X l0‘i 
G.Oe 

A test piece having the composition of P5 was sub 
jected to an extrusion to a degree of extrusion of 65% 
by applying a pressuring force of 40 kg/mm2 in the axial 
direction of its cylinder at 630°C. The preferred direc 
tion of magnetization of the extruded specimen was 
found in the extruding direction with its magnetic char 
acteristics being: 

Br = 5,850 o ,,1-1¢- = 2.25002 (1311),,“ = 5.7 x 10“ 
6.0a 

The test pieces having the composition of P5 were 
subjected to anextrusion to a degree of extrusion of 
50% in the axial direction of its cylinder, with the ex 
truding temperature varied in the range of 500°C to 
850°C. Table 6 shows the relation between the extrud 
ing temperature and the magnetic properties in the 
preferred direction'of magnetization. Below the extrud 
ing temperature of 500°C, just as in the case of Exam 
ples 4, the test piece had little plasticity; its extrusion 
was difficult; the development of cracks was notable, 
and it failed to become anisotropic. At a temperature 
above 830°C also‘, it showed decreasing plasticity, with 






















