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(54) METHOD FOR PRODUCING MAGNETS USING POWDER METALLURGY

(57) The invention relates to a novel method for pro-
ducing magnets (especially applicable to the production
of magnets containing rare earths). The novelty of the
method lies in its use of a type of electrical consolidation
(such as so-called electrical resistance sintering, ERS,
or so-called electrical discharge consolidation, EDC, but
not necessarily one of the these) as a substitute for the
conventional cold pressing and sintering method which
is usually used. The method according to the invention
achieves: (1) combining the compacting/sintering steps,
significantly cutting the duration thereof and reducing the
magnitude of the working pressures; (2) implementing
the steps of magnetic aligning, pressing/sintering, heat
treatment and magnetising in the same matrix; and (3)
rendering superfluous the use of protective atmospheres
during the sintering process.
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Description

OBJECT OF THE INVENTION

[0001] This technical invention corresponds to the
technical scientific area of "materials technology" and the
sector of activity to which it would be applied is the man-
ufacture of permanent magnets from powders.
[0002] The object of this patent is to demonstrate an
alternative method for manufacturing magnets, indicated
especially for those which include rare earths in their
composition, which do not modify the magnetic process-
es, but do modify the processes relating to the forming,
replacing the conventional method (cold pressing fol-
lowed by sintering in a furnace) with a new consolidation
method consisting of any rapid consolidation method,
electrical or technical, FAST (field assisted sintering tech-
nique), from which notable advantages are derived:
greater brevity, joining the pressing/sintering processes
into one single step, use of low pressures, absence of
controlled atmospheres and possibility of implementing
magnetic alignment processes, pressing/sintering, heat
treatment and magnetization, the powder remaining in
the same die. All of which is designed to mainly achieve
a significant reduction of the manufacturing cost of the
magnet.

STATE OF THE ART

[0003] Unlike soft magnetic materials, magnets are
hard magnetic materials which are not easily demagnet-
ized once they have been magnetized, thus providing a
technologically utilizable, stable magnetic field, which is
not affected by external magnetic fields. Magnets are
characterized by a high coercive field (coercivity) and
high remanent induction (remanence) which is also trans-
lated into a high-energy product [J.W. Fiepke, Permanent
Magnet Materials, "Properties and Selection: Nonferrous
Alloys and Special-Purpose Materials", Vol 2, ASM
Handbooks, ASM International, 1990, p. 782-803]. Such
characteristics are achieved with a meticulous manufac-
turing process. The process is even more elaborate if the
magnet contains rare earths. The development of these
types of magnets was started at the beginning of the
1960s when Nesbitt and Wernicke [(E.A. Nesbitt, H.J.
Williams, J.H. Wernicke, R.C. Sherwood, J. Appl. Phys.,
Vol 32S, 1961, p 342-343); (E.A. Nesbitt, H.J. Williams,
J.H. Wernicke, R.C. Sherwood, J. Appl. Phys., Vol 33,
1962, p 1674-1678); (J.H. Wernicke, S. Geller, Acta
Cryst., Vol 12, 1959, p 662-665)] established the struc-
ture, magnetic moment and Curie temperature of the in-
termetallic compounds of cobalt/rare earths.
[0004] The conventional process for manufacturing
magnets (for example those which contain rare earths)
proceeds from a powder with a high intrinsic crystalline
anisotropy (for example due to a crystalline structure with
a hexagonal cell), a very specific composition and very
particular grain size (the average size of the particles

should be comparable to the critical diameter of a mono-
domain particle, between 1 and 10 mm and also the size
distribution should be very narrow [(K.H. Moyer, Magnet-
ic Materials and Properties for Powder Metallurgy Part
Applications, "Powder Metal Technologies and Applica-
tions", Vol 7, ASM Handbook, ASM International, 1998,
1006-1020); (N.A. Spaldin, "Magnetic Materials: Funda-
mentals and Applications", 2nd edition, Cambridge Uni-
versity Press, 2011, USA, 3-144].
[0005] This powder, or a mixture of different types of
these, is exposed to a strong magnetic field (∼ 2- 5 MA/m)
with the aim of forcing the magnetic alignment of the par-
ticles which constitute it (forcing, for example, the c axis
of the hexagonal cells of the mono-crystalline particles
to be preferably parallel to the direction of the applied
field); thus the magnetization of the final piece can be
the highest possible [F.V. Lenel, "Powder Metallurgy:
Principles and Applications", Metal Powder Industries
Federation, Princeton, NJ, 1980, p. 531-548)].
[0006] After this magnetic alignment process, the
aligned powder is subjected to cold pressing (with pres-
sures which fluctuate between 700 and 1500 MPa) with
the aim of compacting it. This compaction process can
be carried out in different ways: by cold die pressing
(CDP) or by cold isostatic pressing (CIP). When the
pressing is carried out in a die, the powder can remain
confined in the same die during the alignment and com-
paction steps. When the pressing is isostatic, the press-
ing system imposes limitation, which forces the alignment
to be carried out prior to the introduction into the press,
normally confining it to a plastic container. Although in
theory, if the method selected is die pressing, the mag-
netic alignment can be carried out in the same compac-
tion die, the high pressures used require very large dies
which move the magnetic coil away from the powder,
reducing the magnetic field applied. If the alignment is
carried out independently, the coil can be closer to the
powder and apply larger fields which improve the align-
ment grade of the particles and thus the magnetic prop-
erties of the final pieces. This is generally the reason why
the alignment and the pressing are developed in different
dies [(J.W. Fiepke, Permanent Magnet Materials, "Prop-
erties and Selection: Nonferrous Alloys and Special-Pur-
pose Materials", Vol 2, ASM Handbooks, ASM Interna-
tional, 1990, p. 782-803); (K.H. Moyer, Magnetic Mate-
rials and Properties for Powder Metallurgy Part Applica-
tions, "Powder Metal Technologies and Applications",
Vol 7, ASM Handbook, ASM International, 1998,
1006-1020); F.V. Lenel, "Powder Metallurgy: Principles
and Applications", Metal Powder Industries Federation,
Princeton, NJ, 1980, p. 531-548)].
[0007] After the compaction process, the pieces ob-
tained can reach a relative density of the order of 80%.
These green compacts are then sintered in a furnace, in
suitable atmosphere (usually argon) at temperatures
which are around 1100° C. After the sintering, the relative
density can increase to approximately 90%.
[0008] Although less common, the powders can also
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be hot formed by means of the hot isostatic pressing (HIP)
technique. The pressing and sintering steps are thus
combined, but not the alignment process which should
continue to be carried out independently [J.W. Fiepke,
Permanent Magnet Materials, "Properties and Selection:
Nonferrous Alloys and Special-Purpose Materials", Vol
2, ASM Handbooks, ASM International, 1990, p.
782-803]. The main drawback with this technique is its
high cost and its low production level.
[0009] After sintering, it is common to apply some heat
treatment (around 900° C) intended to improve the co-
ercivity of the material. Said heat treatments generally
strive for the nucleation, fixing and anchoring of the walls
of the magnetic domains on the surfaces and grain limits
of the material which substantially increases the coercive
force [K.H. Moyer, Magnetic Materials and Properties for
Powder Metallurgy Part Applications, "Powder Metal
Technologies and Applications", Vol 7, ASM Handbook,
ASM International, 1998, 1006-1020].
[0010] Lastly, the pieces are magnetized by again ap-
plying an intense magnetic field (of 5 MA/m). Due to the
high remanence and high coercivity of some types of
magnets processed in this way, the magnetization proc-
ess can end up being quite difficult. It is often more effi-
cient to magnetize by means of applying short-duration,
but more intense, pulses which has been revealed as an
effective technique for moving and pulling the walls of
the magnetic domains, thus enabling the increase of the
magnetization.
[0011] Possibly after this treatment, some pieces (es-
pecially those which have iron among their components)
should be coated with the aim of improving their resist-
ance to corrosion. The coating methods can be very di-
verse [(J.W. Fiepke, Permanent Magnet Materials,
"Properties and Selection: Nonferrous Alloys and Spe-
cial-Purpose Materials", Vol 2, ASM Handbooks, ASM
International, 1990, p. 782-803); (K.H. Moyer, Magnetic
Materials and Properties for Powder Metallurgy Part Ap-
plications, "Powder Metal Technologies and Applica-
tions", Vol 7, ASM Handbook, ASM International, 1998,
1006-1020)], those which should be cited include, as ex-
amples, galvanizing and chromium plating.
[0012] Even when the current powder metallurgical
technology for manufacturing permanent magnets can
be considered satisfactory in many senses, certain im-
provements would be desirable, aimed at simplifying the
process and which significantly reduce the production
costs. The manufacturing technique proposed in this pat-
ent application strives to meet this challenge.

DESCRIPTION OF THE INVENTION

[0013] The object of the present invention is a method
for the powder-metallurgical manufacture of magnets
which comprises, as the initial step, the introduction of a
powdery material which contains at least one magnetic
element selected from Fe, Co, Ni into a die; once the
powdery material has been introduced into the die, it is

sequentially and always subjected to magnetic align-
ment; electrical consolidation process, heat treatment,
cooling and magnetization in the same die.
[0014] In a particular embodiment, the powdery mate-
rial also contains at least one element of the elements
known as rare earths.
[0015] In further preferred embodiments, the powdery
material is mixed with at least one second powdery ma-
terial with a different composition and which comprises
at least one first element which is selected from Fe, Co,
Ni. This second powdery material can comprise at least
one second element which is selected from among the
elements known as rare earths.
[0016] The options for putting the steps constituting
the method into practice are stated below:

1) The magnetic alignment is carried out by exposing
the powdery material to the action of a magnetic field.
2) The electrical consolidation process can be exe-
cuted:

- by means of the electrical resistance sintering
technique, particularly medium frequency.

- by means of the electrical discharge consolida-
tion technique.

- by means of sequentially applying the electrical
discharge consolidation technique and electri-
cal resistance sintering technique or in reverse,
firstly

sintering and then discharging.
3) The heat treatment of the material subsequent to
the electrical consolidation is carried out by means
of the passage of electric current through the mate-
rial.
4) The cooling step after the heat treatment is carried
out by contact with the cooled electrodes by means
of a cooling liquid.
5) The magnetization step of the material is effected
by the action of a magnetic field which allows the
magnetic saturation of the material to be reached.

[0017] Optionally, the steps are carried out in control-
led atmospheric conditions, particularly in inert gas at-
mosphere or in a vacuum.

DESCRIPTION OF THE FIGURE

[0018] Figure 1: Diagram of the equipment proposed
for the manufacture of powder metallurgical magnets by
electrical consolidation. There is one die containing the
powder and the powder is magnetically aligned therein,
electrically consolidated, possibly heat-treated and lastly
magnetized.

DESCRIPTION OF THE INVENTION

[0019] The manufacture of magnets (especially those

3 4 



EP 3 093 857 A1

4

5

10

15

20

25

30

35

40

45

50

55

which contain rare earth elements) is a complex, multi-
step task which includes both magnetic processes (mag-
netic alignment of particles and magnetization of the final
piece) and forming processes (cold pressing, sintering
and heat treatments), some of which require rigorous
control of the atmosphere used in order to prevent un-
desirable contaminations. Due to the high cost of the pri-
mary material (the rare earths are expensive) and due
to its complex manufacturing process, the final cost of
these magnets is very high, and prohibitive in many cases
for certain applications.
[0020] The object of the invention is a method for the
powder-metallurgical manufacture of magnets, indicated
especially for those which include rare earths in their
composition, which do not modify the magnetic process-
es, but do modify the processes relating to the forming,
replacing the conventional method (cold pressing fol-
lowed by sintering in a furnace) with a new consolidation
method consisting of any rapid consolidation method,
electrical or technical, FAST (field assisted sintering tech-
nique), from which notable advantages are derived:
greater brevity, joining the pressing/sintering processes
into one single step, use of low pressures, absence of
controlled atmospheres and possibility of implementing
magnetic alignment processes, pressing/sintering, heat
treatment and magnetization, the powder remaining in
the same die. All of which is designed to mainly achieve
a significant reduction of the manufacturing cost of the
magnet.
[0021] The object of the present invention is to present
a novel method for manufacturing magnets (especially
applicable to the manufacture of magnets which contain
rare earths). The novelty of the method lies in the use of
electrical consolidation techniques (like the technique
called electrical resistance sintering (ERS) or the tech-
nique called electrical discharge consolidation (EDC)
which are mentioned for illustrative, non-limiting purpos-
es) in lieu of the conventional cold pressing + sintering
method commonly used. This achieves: (1) combining
the compaction/sintering steps, significantly shortening
their duration and reducing the magnitude of the working
pressures, (2) carrying out the steps of magnetic align-
ment, pressing/sintering, heat treatment and magnetiza-
tion in the same die and (3) rendering the use of protective
atmospheres during the sintering process unnecessary.
[0022] The electrical consolidation techniques (those
known generally as FAST techniques not only allow the
steps of cold pressing and sintering in a furnace to be
combined into one single step, but also for their duration
to be reduced such that it renders the use of inert atmos-
pheres unnecessary (the time in which the powder is ex-
posed to the high temperatures is too brief for the unde-
sirable oxidation reactions to take place) and the process
can be carried out in the open. The reduction of the time
can end up being very significant: if the entire process of
cold pressing (die or isostatic) and sintering in a furnace
can take around 30-60 minutes, the electrical consolida-
tion can be carried out in only a few seconds or even less

time, depending on the specific method used. By way of
example, it should be said that the two previously men-
tioned methods, ERS and EDC, have characteristic du-
rations of around seconds and milliseconds, respective-
ly, and electrical power sources that are also different: in
ERS, a transformer which provides low voltage, ∼ 10V
and high intensity, ∼ 5 - 20 kA and in EDC, a capacitor
bank capable of supplying, during the discharge thereof,
voltages of ∼ 50 - 300 V and intensities of 1 - 5 kA. ERS
can use low-frequency electric current (50 Hz) or medi-
um-frequency, around 1000 Hz.
[0023] Given that the electrical consolidation tech-
niques are basically a certain type of hot pressing, much
lower working pressures (< 100 MPa) are required than
those used in cold pressing of the conventional method
(between 700 and 1500 MPa). In this way, with the elec-
trical consolidation, the dies can have considerably thin-
ner walls, which also makes it possible for the coil used
for the magnetic alignment and possibly the magnetiza-
tion to adhere more to the powder, allowing it to not only
receive a more intense magnetic field, but also to be able
to be magnetically aligned in the same die where it will
subsequently be consolidated, heat-treated and possibly
also magnetized.
[0024] The heat treatment prior to the final magnetiza-
tion can be carried out by the passage of an electric cur-
rent through the material, with an intensity such that it
causes the required heating of the piece by means of the
Joule effect. Generally, the value of this intensity will be
less than that used during the consolidation step. The
cooling will be carried out owing to the cooling system
which the frames of the machines should have in contact
with the electrodes/punches. In order to carry out this
step, atmosphere controlled by means of suitable exper-
imental regulation could possibly be used.
[0025] A diagram of the electrical consolidation equip-
ment, especially in relation to the details of the die is
shown in Figure 1, which presents, for illustrative, non-
limiting purposes:

• The die is electrically isolating, for example, manu-
factured with natural rock, refractory concrete, ce-
ramic tube and metal beam, etc.

• The electrodes will be made of any copper alloy with
high conductivity, for example Cu-Zr alloy. In order
to achieve greater uniformity in the interior temper-
ature, it may be interesting to interpose between the
powder and the electrode a somewhat less conduc-
tive wafer material, for example a Cu-W pseudo alloy
(heavy metal) which also provides resistance to elec-
trical erosion.

• In the case of ERS, the power source can consist of
a welding transformer which provides current inten-
sities in the range of 2 to 12 kA, whether with grid
frequencies of 50 Hz or better still, with greater fre-
quencies, in the range of average frequencies of
around 1000 Hz. A second possibility in the case of
EDC could consist of the use of a capacitor bank
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with a high capacity and load voltages in the range
of 50 to 500 V as the power source. Another possi-
bility is to operate both types of sources, for example
in a sequential application of the same: first dis-
charge by capacitors, then actuate the welding trans-
former. This last possibility may have the advantage
of being able to handle larger pieces, the electrical
resistance of which is too high to be handled only by
means of the ERS technique.

• The mechanical device which exerts the pressure
should be capable of supplying the force required
for reaching pressures of around 100 MPa.

• The coil which envelopes the die will be connected
to an additional power source which can benefit from
the methods commonly used for such purpose, for
example, magnetization by impulses, which is men-
tioned for illustrative, but non-limiting purposes. This
coil will be responsible for applying the magnetic field
for aligning particles and magnetizing the already
consolidated piece.

EMBODIMENT OF THE INVENTION

[0026] As an illustrative example of the novelty of the
invention, the manufacture of a specific type of magnetic
will be analyzed below, one of the magnets called co-
balt/rare earth magnets, with a nominal SmCo5 compo-
sition, (a) by means of the conventional method (currently
followed by the industry) and (b) by means of the method
proposed by this patent application.
[0027] The powders from which the method proceeds
require the same characteristics one way or another.
Thus, the two first steps are common:

1. Two powders, with a medium particle size of 6 to
8 mm and very narrow grain size distribution and one
of these with a composition of 33.8% Sm - 66.2%
Co by weight (nominally SmCo5), and the other with
a composition of 60% Sm - 40% Co by weight.
2. The pertinent quantities of one powder and anoth-
er are taken such that the average composition is
62.6% Co (by weight). These two powders are mixed
by agitation, obtaining a composition with slightly
less cobalt than the nominal stoichiometry of the
SmCo5 compound.

Conventional method

[0028]

3. The powder mixture is enclosed in a plastic cover
and subjected to magnetic alignment by the action
of a magnetic field of the order of 5 MA/m.
4. The magnetically aligned powder mixture is
brought to an isostatic press where it is compacted
at the approximate pressure of 1400 MPa in order
to obtain a density of 6.9 g/cm3, which represents
approximately 80% of the absolute value of the den-

sity of the compound.
5. The green compact obtained in the previous step
is sintered in a furnace, under a purified argon at-
mosphere, at a temperature of between 1090 and
1150° C for a time of around 40 minutes. The com-
pact densifies until reaching a density of 7.7 g/cm3,
which represents approximately 90% of the absolute
density.
6. After sintering in the furnace, the piece is subjected
to a heat treatment at 900° C for 15 minutes, with
the aim of improving the coercive force.
7. The compacts are lastly magnetized in a field of
∼ 5 MA/m.
8. The magnet is possibly coated in order to reinforce
its resistance to corrosion.

Method object of the present invention

[0029] A diagram of the equipment required could be
that indicated in Figure 1.
[0030] The die 1 is electrically isolating (for example
manufactured with natural rock, refractory concrete, ce-
ramic tube and metal beam, etc.).
[0031] The electrodes 2 will be made of any copper
alloy with high conductivity (for example, Cu-Zr alloy). In
order to achieve greater uniformity in the interior temper-
ature, it may be interesting to interpose between the pow-
der 3 and the electrode 2 a somewhat less conductive
wafer material 4, for example a Cu-W pseudo alloy
(heavy metal) which also provides resistance to electrical
erosion.
[0032] The coil 5 is responsible both for carrying out
the magnetic alignment process and the final magneti-
zation process.
[0033] The power source 6 can consist of a welding
transformer (in the case of ERS) or a capacitor bank (in
the case of EDC). Another possibility is to operate both
types of sources, for example in a sequential application
of the same: first discharge by capacitors, and then in-
tervention of the welding transformer.
[0034] The mechanical device 7 which exerts the pres-
sure should be capable of supplying the force required
for achieving pressures to guarantee the desired densi-
fication level.

3. The powder mixture is introduced into the die of
the ERS consolidation equipment and is magnetical-
ly aligned there by the action of a magnetic field of
the order of 5 MA/m.
4. The electrical consolidation process by ERS is
initiated, in the open, with nominal parameters of 80
MPa of pressure, a current density of -6.5 kA/cm2

and a period of time of 70 cycles of 0.02 s per cycle.
The final density of the compact is 90% or greater.
5. With the sinterization concluded and without re-
moving the compact from the ERS equipment, a cur-
rent density of around 1 - 2 kA/cm2 is made to pass
for periods of time which fluctuate between 400 cy-
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cles (8 seconds). A smooth heat treatment is thus
effected. The compact is cooled in-situ by the effect
of the electrodes which are cooled by water.
6. With the heat treatment finished, the compact is
magnetized without leaving the die by the action of
a magnetic field with a value of ∼5 MA/m.
7. The magnet is possibly coated in order to reinforce
its resistance to corrosion.

[0035] The maximum remanences, coercivities and
energy products achieved by means of both ways are
1.0 T, 3024 kA/m and 605 kT A/m, respectively. The con-
ventional data have been taken from Lenel [F.V. Lenel,
"Powder Metallurgy: Principles and Applications", Metal
Powder Industries Federation, Princeton, NJ, 1980, p.
531-548].

Claims

1. A method for the powder-metallurgical manufacture
of magnets which comprises, as initial step, the in-
troduction of a powdery material, which contains at
least one magnetic element selected from Fe, Co,
Ni, into a die, characterized in that once the pow-
dery material has been introduced into the die, it is
sequentially subjected to the following, always in the
same die:

- magnetic alignment;
- electrical consolidation process;
- heat treatment;
- cooling, and
- magnetization.

2. The method according to claim 1, characterized in
that the powdery material also contains at least one
element from the elements known as rare earths.

3. The method according to any one of claims 1 to 2,
characterized in that prior to the introduction into
the die, the powdery material is mixed with at least
one second powdery material of a different compo-
sition and which comprises at least one first element
which is selected from Fe, Co, Ni.

4. The method according to claim 3, characterized in
that the second powdery material comprises at least
one second element which is selected from the ele-
ments known as rare earths.

5. The method according to any one of claims 1 to 4,
characterized in that the magnetic alignment step
is carried out by exposing the powdery material to
the action of a magnetic field.

6. The method according to any one of claims 1 to 5,
characterized in that the electrical consolidation

process is carried out by means of the electrical re-
sistance sintering technique.

7. The method according to claim 6, characterized in
that the electrical consolidation process is carried
out by means of the medium-frequency electrical re-
sistance sintering technique.

8. The method according to any one of claims 1 to 5,
characterized in that the electrical consolidation
process is carried out by means of the electrical dis-
charge consolidation technique.

9. The method according to any one of claims 1 to 8,
characterized in that the electrical consolidation
process is carried out by means of sequentially ap-
plying the electrical discharge consolidation and
electrical resistance sintering techniques.

10. The method according to any one of claims 1 to 8,
characterized in that the electrical consolidation
process is carried out by means of sequentially ap-
plying the electrical resistance sintering and electri-
cal discharge consolidation techniques.

11. The method according to any one of claims 1 to 10,
characterized in that the heat treatment of the ma-
terial subsequent to the electrical consolidation is
carried out by means of the passage of electric cur-
rent through the material.

12. The method according to any one of claims 1 to 11,
characterized in that the cooling of the material af-
ter the heat treatment is carried out by contact with
the electrodes cooled by means of a cooling liquid.

13. The method according to any of claims 1 to 12, char-
acterized in that the step of magnetizing the mate-
rial is carried out by the action of a magnetic field
which allows the magnetic saturation of the material
to be reached.

14. The method according to any one of claims 1 to 13,
characterized in that the steps are carried out in
controlled atmospheric conditions.

15. The method according to claim 14, characterized
in that the steps are carried out in an inert gas at-
mosphere or in a vacuum.
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