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The invention relates to a method of manufacturing
rod-shaped magnetically anisotropic permanent magnet
bodies having a cubic crystal structure and a (100) direc-
tion of the crystals which is substantially axially oriented
from an alloy containing, in addition to Fe and the nor-
mally present impurities, 16-42% of Co, 7-20% of Ni,
6-11% of Al, 0-10% of Cu, 1-10% of Ti, 0-4% of Nb,
0-8% of Ta, 0-1% of Si, 0-1% of S, a melt of the said
alloy being cooled in a temperature gradient.

“Normally-present” impurities are to be understood
to mean herein those impurities which are already present
in the raw materials. In general they total approximately
0.5%.

Known methods of obtaining crystal orientation in
magnets of the aforesaid type are all based on the prin-
ciple that heat is withdrawn from the alloy during soldi-
fication only in one direction. From these alloys magnet
bodies are formed which in accordance with the method
used have a more or less pronounced crystal orientation
in that direction. If it is ensured that the preferred direc-
tion of magnetization is located in the same direction by
subjecting the magnet body to the action of a magnetic
field during the thermal treatment, the direction of which
field coincides with the (100) direction, it is possible,
with the combination of these two factors (crystal-orien-
tation and magnetic field treatment), to obtain magnetic
properties in these alloys which far exceed the proper-
ties which are obtained if only one of these two factors
is present. Consequently, in the manufacture of magnets
it is sought to obtain optimum results in this manner
and in particular by using methods which give repro-
ducible results, and, in addition, are suitable for mass
production. The end view in these endeavours is not so
much an improvement of the magnetic field treatment,
as an improvement of the crystal orientation. Naturally,
the choice of the alloy to be used is also decisive for
obtaining the desired specific magnetic properties, for
example, a high (BH)p., value combined, or not com-
bined, with a coercive force which is as high as possible.
Moreover, the choice of the composition of the alloys
determines the properties of the magnet. For example,
it is generally known that alloys in the aforesaid range
which contain given quantities of Co and Ti, may show
very high coercive forces, (up to 2000 oersted).

To obtain the desired crystal orientation in alloys
which have a titanium content and in which the (100)
direction of the crystals is oriented axially, it is conven-
tional to use vertically arranged molds which are pro-
vided in the bottom with a so-called chill-plate as a result
of which the heat, during solidification of the alloy, is
withdrawn substantially in a direction at right angles to
said chill-plate. Further means are provided to avoid heat
flowing away to an undesired extent in a lateral direc-
tion, for example, additional heat. It is possible in this
manner to obtain a (BH)p.x value of 5.5x10¢ g.o.,
which is reproducible in mass production.

With such alloys (BH)y.y values of 7-9X 106 g.o.

can be obtained in'a reproducible manner in mass pro-
duction if rods of the such alloys are manufactured ac-
cording to the so-called continuous casting process in
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which the (100) direction of the crystals is oriented
axially. For example, this method consists in that the
molten alloy is continuously applied to the top of a
vertically arranged pipe, the rod of the molten alloy be-
ing continuusly, or discontinuously, drawn out of the pipe
on the lower side. The desired crystal orientation in axial
direction is obtained by withdrawing the heat through
the rod itself in one direction—the longitudinal direc-
tion of the rod—which can even be promoted by addi-
tionally cooling the part of the rod emerging out of the
pipe. It is also preferable that the pipe be insulated in
a transverse direction and/or heated by additional means
so as to check the thermal losses.

In the range of the Ti-containing alloys from the group
containing 16-42% of Co, 7-20% of Ni, 6-11% of Al
0-10% of Cu, 1-10% of Ti, 0-4% of Nb, 0-8% of Ta,
0-1% of Si, 0-1% of S, rest Fe and the normally present
impurities, magnets without crystal orientation can be
mass produced which show high coercive forces of 1000
oe. and more in a reproducible manner. A very good
representative of this group is, for example, the alloy con-

sisting of 34% of Co, 14.5% of Ni, 7% of Al, 4.5% of

Cu, 5% of Ti, rest Fe and the impurities normally pres-
ent. With this alloy magnets can be mass-produced with-
out crystal orientation having (BH) .. values of 4-5%
108 g.0. and coercive forces of 13001500 oe.

The manufacture of magnets with crystal orientation
from an alloy containing little or no Ti presents no dif-
ficulties in mass manufacture with reproducible results;
this is not the case with magnets containing 1% or more
of Ti. With alloys having a maximum Ti content up to 1%
it is possible to use the above-described method of mold-
ing using a chill-plate. For alloys having higher Ti con-
tents, which are required to obtain the desired very high
coercive forces, this method, however, generally cannot
be used, since the solidification rates which occur are
too large. In addition the simultaneous presence of Ti and
Al gives rise to undesired nuclei formation which dis-
turbs the crystal orientation. Nuclei formation can be de-
creased, however, by adding S or Se to the alloy.

Obtaining crystal orientation in alloys having a high
Ti content by means of the above described continuous
casting process also presents difficulties. In fact, the high
Ti content in the alloy has for its result that the melt
more or less sticks to the ceramic material of the wall of
the pipe. As a result thereof it is possible only to draw

" bars of a restricted length, while the very advantage of
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such a method is that unrestricted lengths can be pro-
duced so that continuous manufacture is possible.

Also suitable for mass manufacture is the known and
useful but time-consuming and expensive methods of ob-
taining monocrystals and pseudo-monocrystals by drawing
a rod from the Ti-containing melt in an upward direction.
However, in this manner only rods a few mms. thick can
be obtained and it requires care to be taken that the oxide
skin floating on the melt does not disturb the desired
crystal orientation, The highly pure atmosphere required
for this method, however, requires special measures to be
taken which are not very attractive for mass production.
It should be noted that it is possible in this manner to
obtain (BH ).y, values of approximately 11X 106 g.o.
combined with coercive forces of 1300-1500 oersted.

An improvement with respect to mass manufacture was
obtained using the so-called floating-zone melt method,
in which rods of the alloy are moved through a heating
zone. Heating is effected by means of a thin high-fre-
quency coil through which the rod extends. In the heating
zone the alloy melts after which on cooling in the known
manner the desired axial crystal orientation is obtained.
This method offers the possibility of using a semi- or fully-
automatic plant suitable for various alloys.

However, a draw-back of this method, in particular in
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the method of floating-zone melting without the use of a
crucible, is that during operation the center of the rod
does not always coincide with the center of the space
enclosed by the high-frequency coil as a result of which
an inclined solidification front is obtained which results
in that in some parts of the rod not the (100) direction of
the crystals, but, for example, the (110) direction will
be oriented axially.

A further drawback is that in spite of the precautions
taken, heat will be dissipated in a radial direction which
promotes an undesired direction of growth of the crystals,
namely from without to within.

A very important drawback of such a magnet is that
the molten zone shows convection flows as a result of the
presence of the high frequency coil. As a result of this
many new crystals are formed with arbitrary orientations,
which is very undesirable.

A result of these draw-backs is that the energy product
always is smaller than 9106 g.o.

It is a principal object of the invention to provide a
method of manufacturing a permanent magnet having
a high (BH)pax value and a high coercive force using an
alloy of the aforesaid type.

It is a further object of the invention to provide a
method of manufacturing a permanent magnet using
alloys of the aforesaid type but having an improved
crystal orientation in the (100) direction whereby mag-
nets are obtained which have a higher (BH)mpay, value
and coercive force than hitherto obtainable.

Another object of the invention is to provide a method
of manufacturing anisotropic permanent magnets consist-
ing of a Co-Ni-Al-Me alloy having a (BH)p,x, value of
at least 9.0 106 g.o.

These and further objects of the invention will appear
as this specification progresses.

The invention is based on the discovery that in order
to obtain magnetically anisotropic permanent magnets
having a high (BH)pnax. value and a high coercive force
from the aforesaid group of alloys, the conditions at the
solidification front, or points at which solidification of the
melt occurs, must be optimum. In addition to the with-
drawal of heat in the axial direction, additional measures
must be taken to insure formation of the desired crystal
orientation, a criterion for which is that the (BH)max.
value must be at least 93X 106 gauss-oersted. Thus, it has
been found that the solidification rate R must meet special
requirements dependent upon the composition of the alloy
and dependent upon quantities determined by the ap-
paratus used.

Thus, in accordance with the invention the oxide skin
which forms between a seed having a cubic crystal struc-
ture, the (100) direction of which is oriented axially, and
which in the liquid phase is miscible with the melt, and
the melt first is removed and then the melt is contacted
with the seed during which contact the seed partially melts
and forms a dendritic melting face having an axially
oriented (100) direction of the crystals. While in contact
with the seed, the solidification rate R (mm./min.) for a
given Ti-content, a given temperature gradient G
(° C/mm.), and for a given solidification front then is
kept below a given maximum value.

According to this method it is possible to mass produce
in a fully reproducible manner rods of magnet steel of
any desired diameter, the energy product (BH)mnax, value
of which has values of from 9~12X 106 g.o. These high
(BH)max. values moreover can be obtained with alloys
having more than 1% of Ti. The value of the coercive
force H,, may even be 2000 oe. when the composition
contains 40% of Co, and 7.5% of Ti.

Although the temperature gradient adjusts in a particu-
lar oven, the temperature gradient at the solidification
front in the melt—which, ultimately, is decisive of the
product to be manufactured—will differ considerably
from the first mentioned gradient. This difference is de-
termined principally by the rate R with which the solidifi-
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cation front moves so that this rate R is the most impor-
tant variable quantity.

The invention will be described in greater detail with
reference to the accompanying drawing, the sole figure of
which shows the dependency of the energy product,
(BH)max. value, in relation to the solidification rate, R.

The manner in which maximum admissible solidifi-
cation rate R for a given temperature gradient G at the
solidification front depends upon the percentage of the
alloy is shown in the drawing. When combinations of the
percentage of Ti and solidification rate R are chosen below
the shaded area, a safisfactory crystal orientation is
formed in the magnets. Above this area the resulting
orientation is bad. With the combination in the shaded
transition area, (BH)pay, values of from 4-9x 105 g.o.
are obtained.

Tt is essential in the method according to the invention
that the solidification of the alloy begin after the melt has
been contacted with a seed which has a dendritically
formed boundary surface oriented in the (100) direction.
As a seed, for example, a cubic monocrystal of an alloy
of the composition: 23% of Co, 14% of Ni, 3% of Cu,
8% of Al, and the balance Fe, may be used. Such an
alloy is also known in the trade at Ticonal G/G. Once a
part of the melt has solidified, this newly formed magnet
steel itself may serve as a seed to obtain the desired
crystal orientation in the melt which is still to be
solidified.

When the melt has contacted with a seed, first the
oxide skin which is always present on the surface of such
a melt (both of a partially molten seed and on the molten
alloy to be contacted therewith) must be removed. This
oxide skin between the seed and the melt may be removed
by means of cryolite (NazAIFg) which can be provided
on the boundary surface of the seed before the melt and
the seed are contacted with one another. When the oxide
skin is contacted with the cryolite, it dissolves therein
after which a ready contact is formed between the melt
and the seed.

According to a further embodiment of the method of
the invention, the oxide skin may also be removed me-
chanically. This may be done, for example, with a stir-
ring rod. Alternatively, according to another embodiment
the skin can be removed by convection flows in the melt,
but convection flows only will be sufficiently operative
when the diameter of the melt is large (<10 mm.). The
skin may be forced upwards by said flows.

Example I

A rod, 2 cm. long, 20 mm. diameter, of an alloy having
the composition:

35% of Co,
34.5% of Fe,
14.5% of Ni,
7.3% of Al,
4.5% of Cu,
5.2% of Ti,

was placed on a seed consisting of a few crystals oriented
with their (100) direction in the direction of the axis of
the rod and having the composition:

24% of Co,

14% of Ni,

3% of Cu,

8% of Al,

and the balance Fe.

A layer of cryolite was provided on the boundary sur-
face between the seed and the rod.

A ceramic pipe was slid over the rod and the seat, after
which the assembly was placed in a vertical oven. The
rod was melted in an atmosphere of cleaned argon gas.
The position of the pipe in the oven was chosen to be
such that part of the oriented seed also melts.

The ceramic pipe was then lowered on the lower side
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of the oven at a rate L—=0.25 mm./min. The temperature
gradient at this radiation front was 5° C./mm.

After a thermal treatment in a magnetic field the mag-
netic properties were found to be:

(BH) ;ax.=10X 108 g.0.
H,=1500 oe.
If the rate R was 2 mm./min., these properties were

found to be:
(BH)max.==7.5X 108 g.0.

H,=1450
Example II
A rod, diameter 10 mm. of an alloy of the composition:
35.4% of Fe
34% of Co
14.5% of Ni
7.3% of Al
4.5% of Cu
4.3% of Ti
was treated in the same manner as described in Exam-
ple L.

The rate R was 1.0 mm./min,
The resulting magnetic properties were:

(BH) max, =9 X 108 g.0,
H,=1200 oe.

If the rate R=3.5 mm./min., these propertics were

(BH) max.=6.8 X 106 g.o.
H,=1160 oe.

Example III
A rod diameter 20 mm., of an alloy of the composition:

40.0% of Co
27.5% of Fe
14.0% of Ni
8.0% of Al
7.5% of Ti
3.0% of Cu

was treated in the same manner as described in Exam-
ple L.

The rate R was 0.15 mm./min.

The resulting magnetic properties were:

(BH) max.=9.1X10° g.0.
H=1980 ce.

If the rate R=1.5 mm./min., the resulting magnetic
properties were:

(BH) max,=7.0X 108 g.0.
=1870 oe.

Example IV

A rod, diameter 20 mm., of an alloy having the com-
position: .

29% of Co

14% of Ni

8% of Al

3% of Cu

3% of Ti

2% of Nb

and the balance Fe

was treated in the same manner as described in Exam-
ple L.

The rate R was 2 mm./min.

The resulting magnetic properties were:

(BH) meax,=9.2X 108 g.0.
H,=1250 oe.
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If the rate R was 5 mm./min., the resulting magnetic
properties were:

(BH ) max,=6.2X 108 g.0.
.=1210 oe.

While the invention has been described in connection
with specific examples and applications thereof, other
modifications will be apparent to those skilled in this art
without departing from the spirit and scope of the in-
vention.

What is claimed is:

1. A method of manufacturing rod-shaped magnetical-
ly anisotropic permanent magnet bodies having a cubic
crystal structure and a (100) direction of the crystals
oriented substantially axially from an alloy consisting of
16-42% of Co, 7-20% of Ni, 6-11% of Al, 0-10% of
Cu, 1-10% of Ti, 0-4% of Nb, 0-8% of Ta, 0-1% of
Si, 0-1% of S and the balance principally Fe compris-
ing the steps of forming a melt of the said alloy, contact-
ing the melt with an oxide-free seed having a cubic crys-
tal structure, the (100) direction of which is oriented
axially and which is miscible in the liquid phase of the
melt, the seed during contact with the melt partially melt-
ing and forming a dendritic boundary surface with an
axially oriented (100) direction of the crystal, and cool-
ing the melt at a predetermined solidification rate R
(mm./min.), which for a given temperature gradient G
(° C./min.) at the solidification front is kept below a pre-
determined maximum value, which increases as the Ti-
content decreases, whereby the resulting alloy after ther-
mal treatment in a magnetic field has a (BH)pqy, value
of at least 9.0 X 10¢ g.0.

2. A method as claimed in claim 1, in which the oxide
skin between the seed and the melt is removed with
cryolite, (NazAlFg).

3. A method as claimed in claim 1, in which the oxide
skin between the seed and the melt is removed me-
chanically.

4. A method as claimed in claim 1, in which the oxide
skin between the seed and the melt is removed by con-
vection flows in the melt.

5. A method as claimed in claim 1, in which the seed
is an alloy of about 23% of Co, 14% of Ni, 3% of Cu,
8% of Al, and the balance Fe,

6. A method as claimed in claim 2, in which the cry-
olite is provided on the boundary surface between the
seed and the rod.
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