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Description

TECHNICAL FIELD OF THE INVENTION

[0001] The present invention relates to a method for increasing coercive force of magnets, in particular to a method
for increasing coercive force of a rare earth magnet.

BACKGROUND OF THE INVENTION

[0002] As demands for hybrid vehicles, pure electric vehicles and energy-efficient air-conditioning compressor are
growing, demands for rare earth permanent magnet material (such as an R-Fe-B-based rare earth permanent magnet)
with a high coercive force are growing. Conventional methods for increasing coercive force need to use a large amount
of heavy rare earth element, resulting in a significant increase in cost of magnets and a sacrifice of parts of remanence
and energy product. Microscopic studies have showed that the grain boundary plays an important role in increasing the
coercive force of magnets. The heavy rare earth element goes into grain boundaries by diffusion and infiltration (referred
to as infiltration), so that the coercive force can be significantly increased by using less heavy rare earth, without sacrificing
the remanence and magnetic energy product, which effectively reduces the cost of magnets.
[0003] There have been some methods in the prior art which improve grain boundaries by diffusion and infiltration.
However, an increase of coercive force normally bring adverse effects such as a significant decrease of remanence and
magnetic energy product, a large amount of heavy rare earth element, a complex process that is so difficult to control
and so on.
[0004] CN101316674A discloses a method for preparing a rare earth permanent magnet material. The method com-
prises the steps of disposing a powder of an oxyfluoride of a rare earth element on a surface of a magnet, treating the
magnet at a temperature equal to or below the sintering temperature of the magnet so that the rare earth element is
absorbed in the magnet, to thereby obtain a magnet with high performance by using a minimized amount of Tb or Dy.
In this method, a powder of an oxyfluoride of a heavy rare earth element is diffused. The heavy rare earth element, on
one hand, is detached from the oxyfluoride compound, on the other hand, needs to diffuse to the inside of the magnet.
This needs a relatively long time for thermal insulation treatment, and may lead some problems. For example, a portion
of the surface layer of the magnet becomes a Nd defect state and soft magnetic α-Fe or DyFe2 damages coercive force
of the magnet. In addition, in this method, an oxyfluoride powder of heavy rare earth is dispersed in water or an organic
solvent to obtain slurry, and then the slurry is disposed on the surface of the magnet. However, the slurry will be exfoliated
easily during the operation due to the limited adhesive force between the slurry and the magnet, which results in an
uneven absorption of the heavy rare earth element, thereby causing a poor consistency of performance of the magnet.
[0005] CN101331566A discloses an R-Fe-B rare earth sintered magnet and a method for producing the same. In this
method, a sintered magnet and a container containing a heavy rare earth element are placed in the same processing
chamber without contacting with each other; the heavy rare earth element is diffused from the surface of the magnet to
the inside of the magnet by heating. In this method, non-contact diffusion and infiltration is adopted, so it can only rely
on metal vapor. In this method, although diffusion can be even, the process is so difficult to control. If the temperature
is too low, heavy rare earth vapor is difficult to diffuse from the surface of the magnet to the inside of the magnet, and
the treatment time is significantly prolonged; when the temperature is too high, the formed heavy rare earth vapor of
high concentration is much more than the vapor diffused to the inside of the magnet, so that a layer of heavy rare earth
element is formed on the surface of the magnet, leading to a greatly reduced effect of grain boundary diffusion.
[0006] CN102568806A discloses a method for preparing rare-earth permanent magnets by the infiltration process, in
which a fluoride of a heavy rare earth type element and metal calcium particles are placed at the bottom of a graphite
box; and then slices of the magnet are placed; the fluoride of the heavy rare earth type element is reduced by the metal
calcium; and then a heavy metal vapor is diffused to grain boundary phase of the magnet. This process is not described
in detail, and can not be carried out easily. For example, details such as the fluoride of the heavy rare earth type element
and the size of calcium particles which significantly affect the results of implementations are not mentioned. Moreover,
the reduced heavy rare earth element is still diffused by a vapor process. Thus, there are deficiencies similar to those
of CN101331566A.

SUMMARY OF THE INVENTION

[0007] An object of the present invention is to provide a method for increasing coercive force of magnets, which can
significantly increase coercive force of a permanent magnet material with less decrease in remanence and magnetic
energy product.
[0008] A further object of the present invention is to provide a method for increasing coercive force of magnets, which
can significantly decrease the amount of a rare earth element (especially, a heavy rare earth element), so that the
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production cost is decreased.
[0009] The present invention provides a method for increasing coercive force of magnets, which comprises steps as
follows:

S2) coating step: coating a coating material on the surface of a magnet and drying it; and
S3) infiltrating step: heat treating the magnet obtained from the coating step S2);

wherein the coating material comprises (1) metal calcium particles and (2) particles of a material containing a rare earth
element; the rare earth element is at least one selected from Praseodymium, Neodymium, Gadolinium, Terbium, Dys-
prosium, Holmium, Erbium, Thulium, Ytterbium and Lutetium.
[0010] In accordance with the method of the present invention, preferably, in the coating step S2), the material con-
taining a rare earth element is selected from:

a1) an elementary substance of a rare earth element;
a2) an alloy containing a rare earth element;
a3) a compound containing a rare earth element; or
a4) a mixture of the above materials.

[0011] In accordance with the method of the present invention, preferably, in the coating step S2), the material con-
taining a rare earth element is selected from halides, oxides and nitrides of a rare earth element.
[0012] In accordance with the method of the present invention, preferably, the metal calcium particles and the particles
of the material containing rare earth element both have an average particle size smaller than 100 mm.
[0013] In accordance with the method of the present invention, preferably, the coating material is a colloidal solution
which contains metal calcium particles, particles of a material containing rare earth element and an organic solvent; the
organic solvent is at least one selected from aliphatic hydrocarbons, alicyclic hydrocarbons, alcohols and ketones.
[0014] In accordance with the method of the present invention, preferably, in the coating material, a weight ratio of
the metal calcium particles to the particles of the material containing rare earth element is 1:2-5.
[0015] In accordance with the method of the present invention, preferably, the infiltrating step S3) comprises:

S3-1) reduction step: under anaerobic conditions, keeping at a first temperature and reducing the rare earth element
by metal calcium, while allowing a part of the rare earth element to be diffused to the grain boundary inside the
magnet; and
S3-2) diffusion step: increasing the temperature to a second temperature and keeping the temperature, and allowing
the reduced rare earth element to be further diffused to the grain boundary inside the magnet along the grain boundary;

wherein the first temperature and the second temperature are both higher than 600°C and both lower than the sintering
temperature of the magnet.
[0016] In accordance with the method of the present invention, preferably, in the reduction step S3-1), keeping at the
first temperature for 1-3 hours, wherein the first temperature is 600°C-1060°C; and
in the diffusion step S3-2), keeping at the second temperature for 3-8 hours, wherein the second temperature is 600°C-
1060°C.
[0017] In accordance with the method of the present invention, preferably, the method further comprises steps as
follows:

S1) magnet manufacturing step: sintering to manufacture the magnet in the coating step S2); and
S4) aging treatment step: aging treating the magnet obtained from the infiltrating step S3).

[0018] In accordance with the method of the present invention, preferably, in the aging treatment step S4), the tem-
perature for the aging treatment is 400°C-1020°C, the time for the aging treatment is 0.5-10 hours.
[0019] For the sintered magnet treated by the present method, its remanence and magnetic energy product do not
vary obviously, while its coercive force increases significantly. The method of the present invention can significantly
improve the effect of reducing rare earth element, and further improve the effect of diffusing and infiltrating the rare earth
element to the inside of the magnet. Further, using a colloidal solution obtained from fine calcium particles and particles
containing a rare earth element compound, on one hand, can improve the effect of reducing the rare earth element by
the calcium metal, and on the other hand, can increase the adherence force between the rare earth element and the
magnet, so as to enhance homogeneousness and uniformity of performance of the magnet subjected to the diffusion
and infiltration . In addition, as the colloidal solution is composed of an organic solution, it will evaporate in a high
temperature reduction process, leaving no residue, and will not contaminate the magnet. The method of the present
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invention can significantly increase the coercive force of magnets by using relatively small amount of rare earth, effectively
lower the production cost of magnets; and the operation process is easy, and suitable for a large scale industrial appli-
cation.

DETAIL DESCRIPTION OF THE INVENTION

[0020] The present invention will be further explained in combination with specific embodiments, but the protection
scope of the present invention is not limited thereto.
[0021] The "remanence" in the present invention refers to the value of the magnetic flux density at the point on the
saturant magnetic hysteresis loop where the magnetic field strength is zero, and is commonly referred to as Br or Mr,
with the unit of Tesla (T) or Gauss (Gs).
[0022] The "coercive force" in the present invention refers to the reverse magnetic field strength which is required to
make the residue magnetization strength Mr of magnet decreased to zero, with the unit of Oersted (Oe) of Ampere/Meter
(A/M).
[0023] The "magnetic energy product" in the present invention refers to the product of the magnetic flux density (B)
of any point on the demagnetization curve and the corresponding magnetic field strength (H), and is commonly referred
to as BH, with the unit of Gauss•Oersted (GOe).
[0024] The "rare earth element" in the present invention includes elements such as Praseodymium (Pr), Neodymium
(Nd), Gadolinium (Gd), Terbium (Tb), Dysprosium (Dy), Holmium (Ho), Erbium (Er), Thulium (Tm), Ytterbium (Yb),
Lutetium (Lu).
[0025] The "inert atmosphere" in the present invention refers to the atmosphere which does not react with rare earth
magnets and not affect their magnetism. In the present invention, the "inert atmosphere" includes an atmosphere con-
sisting of inert gases (helium, neon, argon, krypton, xenon).
[0026] In the present invention, a smaller value of vacuum degree represents a higher vacuum degree.
[0027] The method for increasing coercive force of a magnet of the present invention comprises a coating step S2)
and an infiltrating step S3). Preferably, the method of the present invention further comprises a magnet manufacturing
step S1) and an aging treatment step S4).
[0028] Magnets of the present invention may be rare earth sintered magnets, for example, R-Fe-B based rare earth
magnet. R-Fe-B based rare earth magnet is an intermetallic compound mainly composed of a rare earth element R, iron
and boron. In the present invention, R is one or more elements selected from Nd, Pr, La, Ce, Tb, Dy, Ho, Er, Eu, Sm,
Gd, Pm, Tm, Yb, Lu, Y and Sc; preferably, R is one or more elements selected from Nd, Pr, La, Ce, Tb, Dy, Y and Sc;
more preferably, R is Nd or a combination of Nd and other rare earth element(s). Fe represents iron element, and a part
of iron can be replaced by an element of cobalt, aluminum, vanadium and so on. B represents boron element.

<Magnet manufacturing step S1)>

[0029] The manufacturing method of the present invention preferably comprises a magnet manufacturing step S1) to
manufacture the magnet in the atomizing spray step S2). In the present invention, the magnet manufacturing step S1)
preferably comprises steps as follows:

S1-1) smelting step: smelting rare earth magnet raw material so that the smelted rare earth magnet raw material
forms a master alloy;
S1-2) powdering step: crushing the master alloy obtained from the smelting step S1-1) into magnetic powder;
S1-3) shaping step: pressing the magnetic powder obtained from the powdering step S1-2) into a green body for
sintering under the action of an alignment magnetic field; and
S1-4) sintering step: sintering the green body obtained from the shaping step S1-3) into a sintered rare earth magnet.

[0030] In accordance with a preferred embodiment of the present invention, the magnet manufacturing step S1) may
further comprise a step as follows:

S1-5) cutting step: cutting the sintered rare earth magnet.

Smelting step S1-1)

[0031] In order to prevent the oxidation of the sintered magnet raw material and the master alloy prepared therefrom,
the smelting step S1-1) of the present invention is preferably carried out in vacuum or an inert atmosphere. In the smelting
step S1-1), there is no particular limit on the rare earth magnet raw material or the ratio thereof, thus those raw materials
and the ratio thereof which are well known in this field may be adopted. In the smelting step S1-1), smelting process
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preferably adopts an ingot casting process or a strip casting process. The ingot casting process includes cooling and
solidifying the smelted R-Fe-B based rare earth sintered magnet raw material and producing it into an alloy ingot (master
alloy). The strip casting process includes rapidly cooling and solidifying the smelted raw rare earth magnet material and
spinning it into an alloy sheet (master alloy). In accordance with one preferred embodiment of the present invention, the
smelting process adopts a strip casting process. The strip casting process of the present invention may be carried out
in a vacuum intermediate frequency induction furnace. The smelting temperature may be 1100-1600°C, preferably
1450-1500°C. The thickness of the alloy sheet (master alloy) of the present invention may be 0.01-5mm, preferably
0.1-1 mm, more preferably 0.25-0.45mm. In accordance with one specific embodiment of the present invention, the raw
material is placed in a vacuum intermediate frequency induction furnace; and under the condition that the furnace is
vacuumed to below 1Pa, argon (Ar) is charged to provide protection and heat melting is carried out to form an alloy
liquid; and then the alloy liquid is poured onto rotating cooling copper rolls, to prepare alloy sheets (master alloy) with a
thickness of 0.25-0.45mm; the alloy liquid temperature is controlled between 1450-1500°C.

Powdering step S1-2)

[0032] The present invention adopts a powdering process S1-2) to prepare powder. In order to prevent the oxidation
of the master alloy and the magnetic powder crushed therefrom, the powdering step S1-2) of the present invention is
preferably carried out in vacuum or an inert atmosphere. The powdering process S1-2) of the present invention preferably
comprises steps as follows:

S1-2-1) coarsely crushing step: crushing the master alloy into coarse magnetic powder with larger particle size; and
S1-2-2) milling step: milling the coarse magnetic powder obtained from the coarsely crushing step S1-2-1) into fine
magnetic powder.

[0033] In the present invention, the average particle size of the coarse magnetic powder obtained from coarsely
crushing step S1-2-1) is 50-500mm, preferably100-400mm, more preferably 200-300mm. In the present invention, the
fine magnetic powder obtained from milling step S1-2-2) is 20m m or less, preferably 10 mm or less, more preferably 3-5 mm.
[0034] In the coarsely crushing step S1-2-1) of the present invention, a mechanical crushing process and/or a hydrogen
decrepitation process is adopted to crush the master alloy into coarse magnetic powder. The mechanical crushing
process is a process to crush the master alloy into coarse magnetic powder using a mechanical crushing device; the
mechanical crushing device may be selected from a jaw crusher or a hammer crusher. The hydrogen decrepitation
process is as follows: firstly making master alloy absorb hydrogen at a low temperature, initializing the master alloy
crystal lattice expend through the reaction between the master alloy and hydrogen so that the master alloy is crushed
into coarse magnetic powder; then heating the coarse magnetic powder to desorb hydrogen at a high temperature. In
accordance with a preferred embodiment of the present invention, the hydrogen decrepitation process of the present
invention is preferably carried out in a hydrogen decrepitation furnace. In the hydrogen decrepitation process of the
present invention, the alloy sheet is crushed under a hydrogen pressure, and then vacuum pumping is performed to
desorb hydrogen, wherein the hydrogen pressure used for crushing may be 0.02-0.2MPa, preferably 0.05-0.1MPa; the
temperature for vacuum pumping to desorb hydrogen may be 400-800°C, preferably 550-700°C.
[0035] In the milling step S1-2-2) of the present invention, a ball milling process and/or a jet milling process is adopted
to crush the coarse magnetic powder into fine magnetic powder. The ball milling process is a process to crush the coarse
magnetic powder into fine magnetic powder using a mechanical ball milling device. The mechanical ball milling device
may be selected from a rolling ball mill, a vibration ball mill or a high energy ball mill. The jet milling process is a process
to make the coarse magnetic powder accelerated and hit each other and then crushed by a gas flow. The gas flow may
be a nitrogen flow, preferably a high purity nitrogen flow. The N2 content in the high purity nitrogen flow may be 99.0wt%
or more, preferably 99.9wt% or more. The pressure of the gas flow may be 0.1-2.0MPa, preferably 0.5-1.0MPa, and
more preferably 0.6-0.7MPa.
[0036] In accordance with a preferred embodiment of the present invention, firstly, crushing the master alloy into
coarse magnetic powder by the hydrogen decrepitation process; and then, crushing the coarse magnetic powder into
fine magnetic powder by jet milling process. For example, hydrogenation of alloy sheets is carried out in a hydrogen
decrepitation furnace, the alloy sheet turns into very loose particles after being crushed under a hydrogen pressure and
the high temperature dehydrogenation, and then powder with an average particle size of 3-5mm is prepared by jet milling.

Shaping step S1-3)

[0037] A shaping step S1-3) is adopted to prepare a green body in the present invention. In order to prevent oxidation
of magnetic powder, the shaping step S1-3) of the present invention is preferably carried out in vacuum or an inert
atmosphere. In the shaping step S1-3), a pressing process of magnetic powder is preferably a mold pressing process
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and/or an isostatic pressing process. The isostatic pressing process of the present invention can be performed in an
isostatic presser. The pressure for the pressing may be 100MPa or more, and more preferably 200MPa or more; the
time for the pressing is 10-30s, more preferably 15-20s. In accordance with a preferred embodiment of the present
invention, firstly, the mold pressing process is adopted to press the magnetic powder, and then the isostatic pressing
process is adopted to press the magnetic powder. In the shaping step S1-3) of the present invention, the direction of
the alignment magnetic field is parallel or perpendicular to the pressing direction of the magnetic powder. There is no
particular limitation on the strength of the alignment magnetic field, which depends on practical desires. In accordance
with the preferred embodiment of the present invention, the strength of the alignment magnetic field is at least 1 Tesla
(T), preferably at least 1.5T, and more preferably at least 1.8T. In accordance with a preferred embodiment of the present
invention, the shaping step S1-3) of the present invention is as follows: aligning the powder in a magnetic field with a
strength larger than 1.8T and pressing it to shape it, and then taking out the green body after demagnetization, vacuum
pumping and sealing, and then pressing the sealed body under an isostatic pressure of 200MPa or more for 15s or more.

Sintering step S1-4)

[0038] In order to prevent oxidation of the sintered body, the sintering step S1-4) of the present invention is preferably
carried out in vacuum or an inert atmosphere. In accordance with a preferred embodiment of the present invention, the
sintering step S1-4) is performed in a vacuum sintering furnace. In the present invention, the vacuum degree of the
sintering step S1-4) may be less than 1.0Pa, preferably less than 5.0310-1 Pa, more preferably less than 5.0310-2Pa,
for example, 1.0310-2Pa. The sintering temperature may be 500-1200°C, preferably 700-1100°C, more preferably
1000-1050°C. In the sintering step S1-4), the sintering time may be 0.5-10 hours, preferably 1-8 hours, more preferably
3-5 hours. In accordance with a preferred embodiment of the present invention, the sintering step S1-4) of the present
invention is as follows: the shaped green body is placed in a high vacuum furnace, and sintered under 1310-3 Pa-1
310-2Pa at 1000-1050°C for 3-5h; and then argon is charged to cool the sintered body down to 60°C or less, and the
cooled body is discharged, to obtain a sintered blank block (master material).

Cutting step S1-5)

[0039] In the cutting step S1-5) of the present invention, the cutting process adopts slicing processing and/or wire cut
electrical discharge machining. The size of sliced magnet may be 10-60mm 3 5-40mm 3 1-10mm, preferably 30-50mm
3 20-30mm 3 3-8mm.
[0040] In the present invention, the magnet manufacturing step S1) is preferably performed before the atomizing
coating step S2). To decrease the cost, the aging treatment is not performed in the magnet manufacturing step S1).

<Coating step S2)>

[0041] The method of the present invention comprises coating step S2): the coating material containing metal calcium
and a rare earth element is coated on the surface of the magnet and dried. The coating material contains metal calcium
particles and particles of a material containing a rare earth element.
[0042] The average particle sizes of metal calcium particles and particles of the material containing rare earth element
are 0.01-100mm, preferably 0.1-50mm. The inventors have found that it is not true that the smaller the particle size of
metal calcium particles is, the better; if the particle is too small, the reduction effect may deteriorate. This may be related
to the effect of environment (such as oxygen) on calcium particles. The average particle size of metal calcium particles
is preferably 0.5-50mm, more preferably 1-10mm, particularly preferably 1-3mm; the average particle size of particles of
the material containing rare earth element is preferably 0.1-50mm, more preferably 0.1-10mm, particularly preferably
0.1-3mm. The metal calcium particles of the present invention are preferably prepared by refining and crushing under
anaerobic conditions. The particles of the material containing rare earth element of the present invention are preferably
crushed in helium. Using helium as a jet milling media make it possible to crush the particles to a smaller and more
uniform particle size
[0043] In the coating material of the present invention, the weight ratio of metal calcium particles and particles of the
material containing rare earth element may be 1:2-5, preferably 1:2.5-4.5, more preferably 1:3-4.
[0044] The material containing rare earth element of the present invention is selected from:

a1) an elementary substance of a rare earth element;
a2) an alloy containing a rare earth element;
a3) a compound containing a rare earth element; or
a4) a mixture of the above materials.
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[0045] In the alloy a2) containing rare earth element of the present invention, there is other metal element(s) in addition
to the heavy rare earth element. Preferably, said other metal element(s) is at least one of aluminum, gallium, magnesium,
tin, silver, copper and zinc.
[0046] The compound a3) containing rare earth element of the present invention is an inorganic or organic compound
containing a rare earth element. The inorganic compound containing a rare earth element includes but is not limited to
oxide, hydroxide or inorganic acid salts of the rare earth element. The organic compound containing a rare earth element
includes but is not limited to organic acid salts, alkoxides or metal complexes of the rare earth element. In accordance
with a preferred embodiment of the present invention, the compound a3) containing rare earth element of the present
invention is a halide of the rare earth element, such as a fluoride, a chloride, a bromide or an iodide of the rare earth element.
[0047] The material containing rare earth element of the present invention may be one or more selected from a halide,
an oxide and a nitride of the rare earth element. In the material containing rare earth element of the present invention,
the rare earth element is at least one selected from praseodymium, neodymium, gadolinium, terbium, dysprosium,
holmium, erbium, thulium, ytterbium and lutetium. In accordance with a preferred embodiment of the present invention,
the rare earth element is at least one selected from dysprosium or terbium.
[0048] The present invention preferably adopts the following coating processes or a combination thereof:

S2-1) the metal calcium particles and particles of the material containing rare earth element are dispersed in a liquid
medium to form a coating liquid in form of suspension or emulsion, and then the coating liquid in form of suspension
or emulsion is utilized to coat the surface of R-Fe-B based rare earth sintered magnet; or
S2-2) the metal calcium particles and particles of the material containing rare earth element are dispersed in an
organic solvent with an addition of one or more organic binder to prepare a colloidal solution. The colloidal solution
is utilized to coat the surface of R-Fe-B based rare earth sintered magnet. There is no particular limit on the organic
solvent and the organic binder of the present invention as long as the metal calcium particles and particles of material
containing rare earth element can be made into a colloidal solution. The organic solvent of the present invention is
preferably at least one selected from aliphatic hydrocarbons, alicyclic hydrocarbons, alcohols and ketones. Specific
examples include but are not limited to ethanol (alcohol), petrol, ethylene glycol, propylene glycol or glycerin. The
organic binder of the present invention may be a resin binder or a rubber binder. Specific examples include but are
not limited to epoxy resins, vinyl acetate resins, acrylic resins, butyl rubber, chlorinated rubber or the like. In the
colloidal solution, the amount ratio of particles (the total of metal calcium particles and particles of the material
containing rare earth element), an organic solvent and an organic binder is preferably 20-600g:500ml:0.1-10g, more
preferably 100-500g:500ml:0.2-5g.

[0049] The drying (i.e., baking) process of the present invention may be those known in the art, and no further expla-
nation is given herein. The baking temperature is preferably 50-200°C, more preferably 100-150°C; the baking time is
preferably 0.5-5 hours, and more preferably 1-3 hours. Preferably, the drying process is carried out under the protection
of an inert atmosphere, more effectively, under the protection of an atmosphere of nitrogen with a concentration of
99.99%. After drying, the material containing metal calcium and rare earth element is uniformly and densely attached
to the surface of the sintered rare earth magnet.

<Infiltrating step S3)>

[0050] The infiltrating step S3) of the present invention is to perform heat treatment on the sintered rare earth magnet
obtained from the coating step S2). The infiltrating step S3) comprises:

S3-1) reduction step: under anaerobic conditions, keeping at a first temperature to reduce the rare earth element
by calcium metal, while allowing a part of the rare earth element to be diffused to the grain boundary inside the magnet;
S3-2) diffusion step: increasing the temperature to a second temperature and keeping the temperature, and allowing
the reduced rare earth element to be further diffused to grain boundary inside the magnet along the grain boundary.

[0051] In the present invention, the first temperature and the second temperature are both higher than 600°C and both
lower than the sintering temperature of the magnet. The first temperature and the second temperature are preferably
600-1060°C. More preferably, in the reduction step S3-1), the temperature is kept at the first temperature for 1-3 hours,
the first temperature is 700-800°C; in the diffusion step S3-2), the temperature is kept at the second temperature for 3-8
hours, the second temperature is 900-1060°C.
[0052] The infiltrating step S3) is preferably carried out in vacuum or an inert atmosphere. In accordance with a
preferred embodiment of the present invention, the infiltrating step S3) is carried out in a vacuum sintering furnace. The
absolute vacuum degree of the infiltrating step S3) of the present invention is preferably smaller than or equals to 0.01Pa,
more preferably smaller than or equals to 0.005Pa, further preferably smaller than or equals to 0.0005Pa.
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[0053] In accordance with a preferred embodiment of the present invention, the heat treatment process is as follows:
placing the sintered rare earth magnet obtained from the coating step S2) in a vacuum sintering furnace; vacuum pumping
the sintering furnace to 0.005Pa or less and starting to heat; increasing the temperature to 700-750°C at a speed of
5-15°C/min, and then increasing the temperature to 750-780°C at a speed of 1-5°C/min, and keeping at this temperature
for 1-3h to make the displacement reduction reaction occur between metal calcium and the material containing rare
earth element, and to diffuse a part of the displaced rare earth element or the rare earth element of the material containing
a rare earth element to the grain boundary inside the magnet. Then the temperature is increased to 900-1000°C at a
speed of 3-8°C/min, and is kept at this temperature for 3-8h to further sufficiently diffuse the rare earth element to the
grain boundary inside the magnet.

<Aging treatment step S4)>

[0054] In the aging treatment step S4) of the present invention, aging treatment is carried out on the sintered rare
earth magnet. To prevent oxidation of the sintered rare earth magnet, the aging treatment step S4) of the present
invention is preferably carried out in vacuum or inert atmosphere. In the present invention, the temperature of the aging
treatment may be 400-900°C, preferably 450-550°C; the time of the aging treatment may be 0.5-10 hours, preferably
1-6 hours. In accordance with a preferred embodiment of the present invention, the aging treatment step S4) is: charging
an inert atmosphere to cool down to 60°C or less, and then keeping at 480-500°C under 1Pa or less for 3-6h, and
charging an inert atmosphere again to cool down to 60°C or less.

Example 1

[0055]

S1) magnet manufacturing step:

S1-1) smelting step: the raw material was formulated with the atomic percentages as follows: 12.5% of Nd,
1.5% of Dy, 0.5% of Al, 0.5% of Co, 0.05% of Cu, 0.2% of Nb, 5.9% of B and the balance of Fe; under the
protection of argon, intermediate frequency induction was utilized to heat and melt the raw material in a vacuum
sintering furnace; and then the product was poured onto rotating cooling copper rolls at 1480°C, to obtain an
alloy sheet with an average thickness of 0.3 mm.
S1-2) powdering step:

S1-2-1) coarsely crushing step: hydrogen decrepitation was performed on the alloy sheet under 0.1 MPa
of hydrogen, and then dehydrogenation was performed by vacuum pumping at 550°C, and coarse powder
with a particle size of around 300mm was obtained;
S1-2-2) milling step: the coarse powder was milled into fine powder with a particle size of 3mm through jet
milling.

S1-3) shaping step: the fine powder was pressed into a green body on a forming presser under the protection
of nitrogen in an alignment magnetic field more than 1.8T, the green body was sealed during vacuum pumping,
and then the sealed green body was pressed under an isostatic pressure which is 200MPa or more for 15s or
more.
S1-4) sintering step: the shaped body was placed in a high vacuum sintering furnace, and was sintered under
1310-2Pa at 1050°C for 4h; and then argon was charged to cool the magnet down to 60°C or less discharge
and obtain a sintered blank block.
S1-5) cutting step: the obtained blank block was sliced and ground to obtain magnet slices with 4032535mm.

S2) coating step: the metal calcium was crushed into metal particles with an average particle size of 1.5mm under
the protection of nitrogen. Dysprosium fluoride was crushed into particles with an average particle size of 1.5mm
under the protection of helium by a jet milling method. The calcium metal particles and dysprosium fluoride particles
were dispersed in ethanol solution at a weight ratio of 1:3.5 with an addition of an epoxy resin binder to prepare an
organic colloidal solution. In the colloidal solution, the amount ratio of particles (the total of metal calcium particles
and dysprosium fluoride particles), the organic solvent and the epoxy resin was 200g:500ml:0.5g. Then the homo-
geneously mixed colloidal solution was uniformly coated on the surface of the magnet. The colloid was dried under
the protection of an atmosphere of nitrogen with a concentration of 99.99%.
S3) infiltrating step: the dried magnet was evenly placed in a graphite box and sealed with a cover. Then the graphite
box was placed in a vacuum sintering furnace.
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S3-1) reduction step: the sintering furnace was vacuumed to 5310-3Pa or less and then heated; the temperature
was increased to 720°C at a speed of 10°C/min, and then the temperature was increased to 780°C at a speed
of 2°C/min, and kept at this temperature for 2h to make the displacement reduction reaction occur between
calcium and dysprosium fluoride, and to diffuse a part of the displaced dysprosium element or the dysprosium
element in the dysprosium fluoride to the grain boundary inside the magnet.
S3-2) diffusion step: the temperature was increased to 950°C at a speed of 5°C/min, and this temperature was
kept for 5h to further sufficiently diffuse the dysprosium element to the grain boundary inside the magnet.

S4) aging treatment step: helium was charged to cool the magnet down to 60°C or less, and then the magnet was
kept at 490°C under 1Pa or less for 4h to perform aging treatment, and helium was charged again to cool the magnet
down to 60°C or less to discharge and obtain Sample 1#.

Comparative example 1

[0056] Compared with Example 1, neither coating step S2) nor infiltrating step S3) was performed; and the other
conditions were the same with Example 1. Sample 2# was obtained.

Comparative example 2

[0057] Compared with Example 1, the difference is that the coating step S2) is different. The coating step S2) of
Comparative example 2 is as follows: dysprosium fluoride particles with an average particle size of 300mm were dispersed
in ethanol solution with an addition of an epoxy resin binder to prepare an organic colloidal solution. In the colloidal
solution, the amount ratio of particles, the organic solvent and the epoxy resin was 200g:500ml:0.5g. Then the homo-
geneously mixed colloidal solution was uniformly coated on the surface of the magnet. The colloid was dried under the
protection of an atmosphere of nitrogen with a concentration of 99.99%. The other conditions were the same with Example
1. Sample 3# is obtained.

Comparative example 3

[0058] Compared with Example 1, the difference is that no metal calcium particle was added in the coating step S2);
and the other conditions were the same with Example 1. Sample 4# was obtained.

Comparative example 4

[0059] Compared with Example 1, the ratio of materials in the magnet manufacturing step S1) was different and neither
the coating step S2) nor infiltrating step S3) was performed. In comparative Example 4, the raw material was formulated
with the atomic percentages as follows: 11.5% of Nd, 2.5% of Dy, 0.5% of Al, 0.5% of Co, 0.05% of Cu, 0.2% of Nb,
5.9% of B and the balance of Fe. The other steps were identical to Example 1. Sample 5# was obtained.

Example 2

[0060]

S1) magnet manufacturing step:

S1-1) smelting step: the raw material was formulated with the atomic percentages as follows: 12.5% of Nd,
1.5% of Dy, 0.5% of Al, 0.5% of Co, 0.05% of Cu, 0.2% of Nb, 5.9% of B and the balance of Fe; in an environment
under protection of argon, intermediate frequency induction was utilized to heat and melt the raw materials in
a vacuum sintering furnace; and then the product was poured onto rotating cooling copper rolls at 1480°C, and
an alloy sheet was prepared with a thickness of 0.3mm.
S1-2) powdering step:

S1-2-1) coarsely crushing step: hydrogen decrepitation was performed on the alloy sheet under 0.08MPa
of hydrogen, and then dehydrogenation was performed by vacuum pumping at 550°C, and coarse powder
with a particle size of around 300mm was obtained.
S1-2-2) milling step: the coarse powder was milled into fine powder with a particle size of 3.0mm through
jet milling.
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S1-3) shaping step: the fine powder was pressed into a green body by a forming presser under the protection
of nitrogen in an alignment magnetic field more than 1.8T, the green body was sealed during vacuum pumping,
and then the sealed body was pressed under an isostatic pressure which is 200MPa or more for 15s or more.
S1-4) sintering step: the shaped body was placed in a high vacuum sintering furnace, and was sintered under
1310-2Pa at 1050°C for 4h; and then argon was charged to cool the magnet down to 60°C or less to discharge
and obtain a sintered blank block.
S1-5) cutting step: the obtained blank block was sliced and ground to obtain magnet slices with 4032535mm.

S2) coating step: the metal calcium was crushed into metal particles with an average particle size of 1.5mm under
the protection of nitrogen. Terbium fluoride was crushed into particles with an average particle size of 1.5mm under
the protection of helium by a jet milling method. The calcium metal particles and terbium fluoride particles were
dispersed in ethanol solution at a weight ratio of 1:3.5 with an addition of an epoxy resin binder to prepare an organic
colloidal solution. In the colloidal solution, the amount ratio of particles (the total of metal calcium particles and
terbium fluoride particles), the organic solvent and the epoxy resin was 200g:500ml:0.5g. Then the homogeneously
mixed colloidal solution was uniformly coated on the surface of the magnet. The colloid was dried under the protection
of an atmosphere of nitrogen with a concentration of 99.99%.
S3) infiltrating step: the dried magnet was evenly placed in a graphite box and sealed with a cover. Then the graphite
box was placed in a vacuum sintering furnace.

S3-1) reduction step: the sintering furnace was vacuumed to 5310-3Pa or less and then heated; the temperature
was increased to 720°C at a speed of 10°C/min, and then the temperature was increased to 780°C at a speed
of 2°C/min, and kept at this temperature for 2h to make the displacement reduction reaction occur between
calcium and terbium fluoride, and to diffuse a part of the displaced terbium element or the terbium element in
the terbium fluoride to the grain boundary inside the magnet.
S3-2) diffusion step: the temperature was increased to 950°C at a speed of 5°C/min, and this temperature was
kept for 5h to further sufficiently diffuse the terbium element to the grain boundary inside the magnet.

S4) aging treatment step: helium was charged to cool the magnet down to 60°C or less, and then the magnet was
kept at 490°C under 1Pa or less for 4h, and helium was charged again to cool the magnet down to 60°C or less to
discharge and obtain Sample 6#.

[0061] Table 1 shows the magnetic parameters of the magnets obtained in the above examples and comparative
examples. The analysis of the measurement data: comparing Sample 1# with Sample 2#, the remanence and magnetic
energy product of Sample 1# are slightly lower, while its coercive force increases significantly by 5.15KOe; while as
compared with Sample 5# in which 1at% of dysprosium was added in the formula ingredients, the coercive force of
Sample 5# is equivalent to that of Sample 1#, but its remanence and magnetic energy product are far lower than that
of Sample 1#; for Sample 3#, though the coercive force is increased after infiltrating treatment, the effect is not so good
as Sample 4# which was obtained by treatment with fine particles of dysprosium fluoride; while the coercive force of
Sample 4# is not so good as Sample 1# which was obtained by treatment of reducing fine particles of dysprosium fluoride
with calcium. The magnet Sample 6# which was obtained by terbium diffusion treatment in the method of the present
invention has a larger increase of coercive force. Using the method of the present invention to treat the magnet can
significantly increase the magnetic coercive force, while remanence and magnetic energy product hardly decrease.
Meanwhile, the amount of heavy rare earth will be decreased by 20%-30%. This is of great importance to decrease the
production cost of permanent magnet and to increase the cost performance ratio.

Table 1. Magnetic parameters of the magnets treated with different processes

Sample No. Remanence (kGs) Coercive force (kOe) Magnetic energy product (kJ/m3)

1# 13.48 27.55 354.5

2# 13.55 22.40 356.4

3# 13.53 26.25 355.8

4# 13.52 26.77 354.9

5# 11.98 27.6 273.2

6# 13.50 29.50 354.4



EP 3 029 689 B1

11

5

10

15

20

25

30

35

40

45

50

55

Claims

1. A method for improving coercive force of magnets, comprising steps as follows:

S2) coating step: coating a coating material on the surface of a magnet and drying it; and
S3) infiltrating step: heat treating the magnet obtained from the coating step S2);

wherein the coating material comprises (1) metal calcium particles and (2) particles of a material containing a rare
earth element; the rare earth element is at least one selected from Praseodymium, Neodymium, Gadolinium, Terbium,
Dysprosium, Holmium, Erbium, Thulium, Ytterbium and Lutetium.

2. The method according to claim 1, characterized in that in coating step S2), the material containing a rare earth
element is selected from:

a1) an elementary substance consisting of a rare earth element;
a2) an alloy containing a rare earth element;
a3) a compound containing a rare earth element; or
a4) a mixture of the above materials.

3. The method according to claim 1, characterized in that in the coating step S2), the material containing a rare earth
element is selected from halides, oxides and nitrides of a rare earth element.

4. The method according to claim 1, characterized in that the metal calcium particles and the particles of a material
containing a rare earth element both have an average particle size smaller than 100 mm.

5. The method according to claim 1, characterized in that the coating material is a colloidal solution which contains
metal calcium particles, particles of a material containing a rare earth element and an organic solvent; the organic
solvent is at least one selected from aliphatic hydrocarbons, alicyclic hydrocarbons, alcohols and ketones; one or
more resin binder or rubber binder are dissolved in the organic solvent.

6. The method according to claim 1, characterized in that in the coating material, the weight ratio of the metal calcium
particles to the particles of a material containing a rare earth element is 1:2-5.

7. The method according to claim 1, characterized in that the infiltrating step S3) comprises:

S3-1) reduction step: under anaerobic conditions, keeping at a first temperature and reducing the rare earth
element by metal calcium, while allowing a part of the rare earth element to be diffused to grain boundary inside
the magnet; and
S3-2) diffusion step: increasing the temperature to a second temperature and keeping the temperature, and
allowing the reduced rare earth element to be further diffused to grain boundary inside the magnet along the
grain boundary;

wherein the first temperature and the second temperature are both higher than 600°C and both lower than the
sintering temperature of the magnet.

8. The method according to claim 1, characterized in that

in the reduction step S3-1), keeping at first temperature for 1-3 hours, wherein the first temperature is 600°C-
1060°C; and
in the diffusion step S3-2), keeping at second temperature for 3-8 hours, wherein the second temperature is
600°C-1060°C.

9. The method according to claim 1, characterized in that the method further comprises steps as follows:

S1) magnet manufacturing step: sintering to manufacture the magnet in the coating step S2); and
S4) aging treatment step: aging treating the magnet obtained from the infiltrating step S3).

10. The method according to claim 9, characterized in that in aging treatment step S4), the temperature for the aging
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treatment is 400°C-1020°C, the time for the aging treatment is 0.5-10 hours.

Patentansprüche

1. Verfahren zum Verbessern der Koerzitivkraft von Magneten, umfassend Schritte wie folgt:

S2) Beschichtungsschritt: Beschichten eines Beschichtungsmaterials auf die Oberfläche eines Magneten und
Trocknen von diesem; und
S3) Infiltrationsschritt: Hitzebehandeln des durch den Beschichtungsschritt S2) erhaltenen Magneten; wobei
das Beschichtungsmaterial umfasst (1) metallische Calciumpartikel und (2) Partikel eines Materials, das ein
Seltenerdelement enthält; das Seltenerdelement ist mindestens eines ausgewählt aus Praseodym, Neodym,
Gadolinium, Terbium, Dysprosium, Holmium, Erbium, Thulium, Ytterbium und Lutetium.

2. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass in dem Beschichtungsschritt S2) das Material, das
ein Seltenerdelement enthält, ausgewählt ist aus:

a1) einer elementaren Substanz, bestehend aus einem Seltenerdelement;
a2) einer Legierung, enthaltend ein Seltenerdelement;
a3) einer Verbindung, enthaltend ein Seltenerdelement; oder
a4) einer Mischung der oben genannten Materialien.

3. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass in dem Beschichtungsschritt S2) das Material, das
ein Seltenerdelement enthält, ausgewählt ist aus Halogeniden, Oxiden und Nitriden eines Seltenerdelements.

4. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass sowohl die metallischen Calciumpartikel als auch die
Partikel eines Materials, das ein Seltenerdelement enthält, eine durchschnittliche Partikelgröße kleiner als 100 mm
haben.

5. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das Beschichtungsmaterial eine kolloidale Lösung
ist, die metallische Calciumpartikel, Partikel eines Materials, das ein Seltenerdelement enthält, und ein organisches
Lösungsmittel enthält;
das organische Lösungsmittel ist mindestens eines ausgewählt aus aliphatischen Kohlenwasserstoffen, alizykli-
schen Kohlenwasserstoffen, Alkoholen und Ketonen; ein oder mehrere Harzbindemittel oder Gummibindemittel
sind in dem organischen Lösungsmittel gelöst.

6. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass in dem Beschichtungsmaterial das Gewichtsverhältnis
der metallischen Calciumpartikel zu den Partikeln eines Materials, das ein Seltenerdelement enthält, 1:2-5 ist.

7. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der Infiltrationsschritt S3) umfasst:

S3-1) Reduktionsschritt: Unter anaeroben Bedingungen, Halten auf einer ersten Temperatur und Reduzieren
des Seltenerdelements durch metallisches Calcium, wobei ermöglicht wird, dass ein Teil des Seltenerdelements
zur Korngrenze innerhalb des Magneten diffundiert wird; und
S3-2) Diffusionsschritt: Erhöhen der Temperatur auf eine zweite Temperatur und Halten auf der Temperatur,
und Ermöglichen, dass das reduzierte Seltenerdelement weiter zur Korngrenze innerhalb des Magneten entlang
der Korngrenze diffundiert wird;
wobei die erste Temperatur und die zweite Temperatur beide höher als 600 °C und beide niedriger als die
Sintertemperatur des Magneten sind.

8. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass

in dem Reduktionsschritt S3-1), Halten auf der ersten Temperatur für 1-3 Stunden, wobei die erste Temperatur
600 °C - 1060 °C ist; und
in dem Diffusionsschritt S3-2), Halten auf der zweiten Temperatur für 3-8 Stunden, wobei die zweite Temperatur
600 °C - 1060 °C ist.

9. Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das Verfahren zusätzlich Schritte wie folgt umfasst:
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S1) Magnet-Herstellungsschritt: Sintern, um den Magneten im Beschichtungsschritt S2) herzustellen; und
S4) Alterungsbehandlungsschritt: Alterungsbehandeln des durch den Infiltrationsschritt S3) erhaltenen Magne-
ten.

10. Verfahren nach Anspruch 9, dadurch gekennzeichnet, dass in dem Alterungsbehandlungsschritt S4) die Tempe-
ratur für die Alterungsbehandlung 400 °C - 1020 °C ist, die Zeit für die Alterungsbehandlung 0,5-10 Stunden ist.

Revendications

1. Procédé pour améliorer la force coercitive d’aimants, comprenant les étapes suivantes :

S2) étape de revêtement : revêtement avec un matériau de revêtement de la surface d’un aimant et son séchage ;
et
S3) étape d’infiltration : traitement thermique de l’aimant obtenu à partir de l’étape de revêtement S2) ;

dans lequel le matériau de revêtement comprend (1) des particules métalliques de calcium et (2) des particules
d’un matériau contenant un élément de terre rare ; l’élément de terre rare étant au moins l’un choisi parmi le
praséodyme, le néodyme, le gadolinium, le terbium, le dysprosium, l’holmium, l’erbium, le thulium, l’ytterbium et le
lutécium.

2. Procédé selon la revendication 1, caractérisé en ce que, à l’étape de revêtement S2), le matériau contenant un
élément de terre rare est choisi parmi :

a1) une substance élémentaire consistant en un élément de terre rare ;
a2) un alliage contenant un élément de terre rare ;
a3) un composé contenant un élément de terre rare ; ou
a4) un mélange des matériaux ci-dessus.

3. Procédé selon la revendication 1, caractérisé en ce que, à l’étape de revêtement S2), le matériau contenant un
élément de terre rare est choisi parmi les halogénures, les oxydes et les nitrures d’un élément de terre rare.

4. Procédé selon la revendication 1, caractérisé en ce que les particules métalliques de calcium et les particules d’un
matériau contenant un élément de terre rare ont toutes deux une taille moyenne de particules inférieure à 100 mm.

5. Procédé selon la revendication 1, caractérisé en ce que le matériau de revêtement est une solution colloïdale qui
contient des particules métalliques de calcium, des particules d’un matériau contenant un élément de terre rare et
un solvant organique ; le solvant organique est au moins l’un choisi parmi les hydrocarbures aliphatiques, les
hydrocarbures alicycliques, les alcools et les cétones ; un ou plusieurs liants résine ou liants caoutchouc sont dissous
dans le solvant organique.

6. Procédé selon la revendication 1, caractérisé en ce que, dans le matériau de revêtement, le rapport en poids des
particules métalliques de calcium aux particules d’un matériau contenant un élément de terre rare est de 1 : 2 à 5.

7. Procédé selon la revendication 1, caractérisé en ce que l’étape d’infiltration S3) comprend :

S3-1) une étape de réduction : dans des conditions anaérobies, maintien d’une première température et réduc-
tion de l’élément de terre rare par un calcium métallique, tout en permettant à une partie de l’élément de terre
rare d’être diffusé jusqu’au joint de grain à l’intérieur de l’aimant ; et
S3-2) une étape de diffusion : augmentation de la température à une deuxième température et maintien de la
température, et en permettant à l’élément de terre rare réduit d’être diffusé plus largement jusqu’au joint de
grain à l’intérieur de l’aimant le long du jpint de grain ;

dans lequel la première température et la deuxième température sont toutes deux supérieures à 600 °C et toutes
deux inférieures à la température de frittage de l’aimant.

8. Procédé selon la revendication 1, caractérisé en ce que,
à l’étape de réduction S3-1), on maintient une première température pendant 1 à 3 heures, dans lequel la première
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température est de 600 °C à 1060 °C ; et
à l’étape de diffusion S3-2), on maintient à une deuxième température pendant 3 à 8 heures, dans lequel la deuxième
température est de 600 °C à 1060 °C.

9. Procédé selon la revendication 1, caractérisé en ce que le procédé comprend en outre les étapes suivantes :

S1) étape de fabrication de l’aimant : frittage pour fabriquer l’aimant à l’étape de revêtement S2) ; et
S4) étape de traitement par vieillissement : traitement par vieillissement de l’aimant obtenu à partir de l’étape
d’infiltration S3).

10. Procédé selon la revendication 9, caractérisé en ce que, à l’étape de traitement par vieillissement S4), la température
du traitement par vieillissement est de 400 °C à 1020 °C, le temps du traitement de vieillissement est de 0,5 à 10
heures.
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