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(57) The present invention provides an Fe-B-R
based permanent magnet, which has a chemical con-
version coating film formed on its surface with an alumi-
num film interposed therebetween, the chemical
conversion coating film containing at least one of tita-
nium and zirconium, phosphorus, oxygen and fluorine
as constituting elements, and a process for producing
such an Fe-B-R based permanent magnet. In the per-
manent magnet, the chemical conversion coating film is
adhered firmly to the magnet with the aluminum film
interposed therebetween and hence, the magnet is
excellent in corrosion resistance. Even if the magnet is
left to stand for a long time under high-temperature and
high-humidity conditions of a temperature of 80°C and a
relative humidity of 90 %, the magnet exhibits a stable
high magnetic characteristic which cannot be deterio-
rated. Moreover, the film is free from hexa-valent chro-
mium.
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Description

TECHNICAL FIELD

[0001] The present invention relates to an Fe-B-R based permanent magnet having an excellent corrosion-resist-
ant film, and to a process for producing the same. More particularly, the present invention relates to an Fe-B-R based
permanent magnet which has, on the surface thereof, a corrosion-resistant film having an excellent adhesion to the
magnet, and which can exhibit a stable high magnetic characteristic that cannot be deteriorated even if the magnet is
left to stand for a long time under high-temperature and high-humidity conditions of a temperature of 80°C and a relative
humidity of 90 %; and in which the film is free from hexa-valent chromium, and to a process for producing the same.

BACKGROUND ART

[0002] An Fe-B-R based permanent magnet, of which an Fe-B-Nd based permanent magnet is representative, is
practically used in various applications, because it is produced from an inexpensive material rich in natural resources
and has a high magnetic characteristic, as compared with an Sm-Co based permanent magnet.
[0003] However, the Fe-B-R based permanent magnet is liable to be corroded by oxidation in the atmosphere,
because it contains highly reactive R and Fe. When the Fe-B-R based permanent magnet is used without being sub-
jected to any surface treatment, the corrosion of the magnet is advanced from its surface due to the presence of a small
amount of acid, alkali and/or water to produce rust, thereby bringing about the degradation and dispersion of the mag-
netic characteristic. Further, when the magnet having the rust produced therein is incorporated into a device such as a
magnetic circuit, there is a possibility that the rust is scattered to pollute surrounding parts or components.
[0004] There is an already proposed magnet which has a corrosion-resistant metal-plated film on its surface, which
is formed by a wet plating process such as an electro-less plating process and an electroplating process, in order to
improve the corrosion resistance of the Fe-B-R based permanent magnet with the above-described point in view (see
Japanese Patent Publication No.3-74012). In this process, however, an acidic or alkaline solution used in a pretreat-
ment prior to the plating treatment may remain in pores on the magnet, whereby the magnet may be corroded with the
passage of time in some cases. In addition, the magnet is poor in resistance to chemicals and for this reason, the sur-
face of the magnet may be corroded during the plating treatment. Further, even if the metal-plated film is formed on the
surface of the magnet, as described above, if the magnet is subjected to a corrosion resistance test under conditions of
a temperature of 60°C and a relative humidity of 90 %, the magnetic characteristic of the magnet may be degraded by
10 % or more from an initial value after lapse of 100 hours.
[0005] There is also a conventionally proposed process in which an oxidization-resistant chemical conversion coat-
ing film such as a phosphate film or a chromate film is formed on the surface of an Fe-B-R based permanent magnet
(see Japanese Patent Publication No.4-22008). The film formed in this process is excellent in adhesion to the magnet,
but if it is subjected to a corrosion resistance test under conditions of a temperature of 60°C and a relative humidity of
90 %, the magnetic characteristic of the magnet may be degraded by 10 % or more from an initial value after lapse of
300 hours.
[0006] A process which has been conventionally proposed in order to improve the corrosion resistance of the Fe-
B-R based permanent magnet, and in which a chromate treatment is carried out after the formation of an aluminum film
by a vapor deposition process, i.e., a so-called aluminum-chromate treating process (see Japanese Patent Publication
No.6-66173), is intended to improve the corrosion resistance of the magnet remarkably. However, the chromate treat-
ment used in this process uses hexa-valent chromium which is undesirable for the surroundings and for this reason, a
waste-liquid treating method is complicated. It is feared that a film formed in this process influences a human body dur-
ing handling of the magnet, because it contains just a small amount of hexa-valent chromium.
[0007] Accordingly, it is an object of the present invention to provide an Fe-B-R based permanent magnet which
has, on the surface thereof, a corrosion-resistant film having an excellent adhesion to the magnet, and which can exhibit
a stable high magnetic characteristic that cannot be deteriorated even if the magnet is left to stand for a long time under
high-temperature and high-humidity conditions of a temperature of 80°C and a relative humidity of 90 %, and in which
the film is free from hexa-valent chromium, and a process for producing the same.

DISCLOSURE OF THE INVENTION

[0008] The present inventors, as a result of various zealous studies made with the above points in view, have found
that if an aluminum film is formed on the surface of an Fe-B-R based permanent magnet, and a chemical conversion
coating film containing titanium and/or zirconium as constituting elements is formed on the aluminum film, the chemical
conversion coating film is firmly adhered onto the magnet with the aluminum film interposed therebetween, thereby
exhibiting an excellent corrosion resistance.
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[0009] The present invention has been accomplished with the above knowledge, and according to claim 1 of the
present invention, there is provided an Fe-B-R based permanent magnet, which has a chemical conversion coating film
formed on its surface with an aluminum film interposed therebetween, the chemical conversion coating film containing
at least one of titanium and zirconium, phosphorus, oxygen and fluorine as constituting elements.

[0010] According to claim 2 of the present invention, in addition to claim 1, the aluminum film has a thickness in a
range of 0.01 µm to 50 µm.
[0011] According to claim 3 of the present invention, in addition to claim 1, the chemical conversion coating film has
a thickness in a range of 0.01 µm to 1 µm.
[0012] According to claim 4 of the present invention, in addition to claim 1, the content of titanium and/or zirconium
in the chemical conversion coating film is in a range of 0.1 mg to 100 mg per a film portion formed on 1 m2 of the surface
of the magnet.
[0013] According to claim 5 of the present invention, in addition to claim 1, the content of phosphorus in the chem-
ical conversion coating film is in a range of 0.1 mg to 100 mg per a film portion formed on 1 m2 of the surface of the
magnet.
[0014] According to claim 6 of the present invention, in addition to claim 1, the content of oxygen in the chemical
conversion coating film is in a range of 0.2 mg to 300 mg per a film portion formed on 1 m2 of the surface of the magnet.
[0015] According to claim 7 of the present invention, in addition to claim 1, the content of fluorine in the chemical
conversion coating film is in a range of 0.05 mg to 100 mg per a film portion formed on 1 m2 of the surface of the mag-
net.
[0016] According to claim 8 of the present invention, in addition to claim 1, the ratio of the number of moles of phos-
phorus to the number of moles of titanium and/or zirconium in an area near the surface of the chemical conversion coat-
ing film is larger than that in the entire chemical conversion coating film.
[0017] According to claim 9 of the present invention, in addition to claim 1, the ratio of the number of moles of phos-
phorus to the number of moles of titanium and/or zirconium in an area near the surface of the chemical conversion coat-
ing film is equal to or larger than 1.
[0018] According to claim 10 of the present invention, there is provided a process for producing an Fe-B-R based
permanent magnet, comprising the steps of forming an aluminum film on the surface of an Fe-B-R based permanent
magnet, applying a treating solution containing at least one of a titanium compound and a zirconium compound, at least
one of phosphoric acid, condensed phosphoric acid, phytic acid, the hydrolyzate of phytic acid and the salts of them,
and a fluorine compound, onto the surface of the aluminum film, and drying the applied treating solution, thereby form-
ing a chemical conversion coating film containing at least one of titanium and zirconium, phosphorus, oxygen and fluo-
rine as constituting elements.
[0019] According to claim 11 of the present invention, in addition to claim 10, the aluminum film is formed by a vapor
deposition process.
[0020] According to claim 12 of the present invention, in addition to claim 11, the aluminum film has a thickness in
a range of 0.01 µm to 50 µm.
[0021] According to claim 13 of the present invention, in addition to claim 10, the Fe-B-R based permanent magnet
and aluminum pieces are placed into a treating vessel, where they are vibrated and/or agitated, thereby forming the alu-
minum film.
[0022] According to claim 14 of the present invention, in addition to claim 13, the aluminum film has a thickness in
a range of 0.01 µm to 1 µm.
[0023] According to claim 15 of the present invention, in addition to claim 10, the ratio of the number of moles (in
terms of phosphorus) of at least one of phosphoric acid, condensed phosphoric acid, phytic acid, the hydrolyzate of
phytic acid and the salts of them to the number of moles (in terms of metal) of at least one of the titanium compound
and the zirconium compound in the treating solution is equal to or larger than 1.

BEST MODE FOR CARRYING OUT THE INVENTION

[0024] An Fe-B-R based permanent magnet according to the present invention has a feature that it has a chemical
conversion coating film which is formed on its surface with an aluminum film interposed therebetween, and which con-
tains at least one of titanium and zirconium, phosphorus, oxygen and fluorine as constituting elements.
[0025] The method for forming the aluminum film on the surface of the Fe-B-R based permanent magnet is partic-
ularly not limited. However, if it is taken into consideration that the magnet and the aluminum film are liable to be cor-
roded by oxidation, examples of desirable process are a process utilizing a vapor deposition process, and a process
which comprises placing an Fe-B-R based permanent magnet and aluminum pieces into a treating vessel, where they
are vibrated and/or agitated.
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(1) Process utilizing vapor deposition process

[0026] Examples of the vapor deposition process are known processes such as a vacuum evaporation process, an
ion sputtering process, an ion plating process and the like. The aluminum film may be formed under common conditions
in each of the processes, but from the viewpoints of the denseness, the uniformity in thickness, the forming speed of
the film to be formed and the like, it is desirable that the vacuum evaporation process and the ion plating process are
employed. Of course, the surface of the magnet may be subjected to a known cleaning treatment such as a washing, a
degreasing treatment and a sputtering, prior to the formation of the film.
[0027] It is desirable that the temperature of the magnet during the formation of the film is set in a range of 200°C
to 500°C. If the temperature is lower than 200°C, there is a possibility that a film having an excellent adhesion to the
surface of the magnet is not formed. On the other hand, if the temperature exceeds 500°C, there is a possibility that
cracks are produced in the film, thereby causing the film to be peeled off from the magnet, in a cooling course after the
formation of the film.
[0028] It is desirable that the thickness of the aluminum film is in a range of 0.01 µm to 50 µm, more preferably, in
a range of 0.05 µm to 25 µm. If the thickness is smaller than 0.01 µm, there is a possibility that the film cannot exhibit
an excellent corrosion resistance. If the thickness exceeds 50 µm, there is a possibility that an increase in manufacture
cost is brought about, but also, there is a possibility that the effective volume of the magnet is decreased.

(2) Process comprising the placing of Fe-B-R based permanent magnet and aluminum pieces into treating vessel,
where they are vibrated and/or agitated.

[0029] The aluminum pieces used in this process may be of any of various shapes such as a needle-like shape (a
wire-like shape) a columnar shape and a massive shape. However, from the viewpoint of efficient production of a fine
aluminum powder serving as a source for formation of an aluminum film, it is desirable that aluminum pieces having a
needle-like shape with sharp terminal ends or a columnar shape with sharp terminal ends is used.
[0030] It is desirable from the viewpoint of efficient production of a fine aluminum powder that the size (longer diam-
eter) of the aluminum pieces is in a range of 0.05 mm to 10 mm, more preferably in a range of 0.3 mm to 5 mm, further
preferably in a range of 0.5 mm to 3 mm. Aluminum pieces having the same shape and the same size may be used, but
aluminum pieces having different shapes and different sizes may be used in the form of a mixture.
[0031] It is desirable that the vibration and/or agitation of the magnet and the aluminum pieces is carried out in a
dry manner in consideration of the fact that they are liable to be corroded by oxidation. The vibration and/or agitation of
the magnet and the aluminum pieces can be carried out in the atmosphere and at ambient temperature. It is unneces-
sary to employ a complicated apparatus for the treating vessel used in the present invention, and for example, the treat-
ing vessel may be a treating chamber in a barrel finishing machine. The barrel finishing machine may be of any known
type such as a rotated-type, a vibrated-type and a centrifugal-type. In the case of the rotated-type, the rotational speed
is desirable to be in a range of 20 rpm to 50 rpm. In the case of the vibrated-type, it is desirable that the vibration fre-
quency is in a range of 50 Hz to 100 Hz, and the vibration amplitude is in a range of 0.3 mm to 10 mm. In the case of
the centrifugal-type, the rotational speed is desirable to be in a range of 70 rpm to 200 rpm.
[0032] It is desirable that the total amount of the magnet and the aluminum pieces placed into the treating vessel is
in a range of 20 % to 90 % by volume of the internal volume of the treating vessel. If the total amount is smaller than 20
% by volume, the throughput is too small, which is not preferable in practical use. If the total amount exceeds 90 % by
volume, there is a possibility that the film cannot be formed efficiently. It is desirable that the ratio of the amount of the
magnet to the amount of the aluminum pieces placed into the treating vessel is equal to or smaller than 3 in terms of a
volume ratio (of magnet/aluminum pieces). If the volume ratio exceeds 3, there is a possibility that a long time is
required for the formation of the film, which is not preferred in practical use. The treating time depends on the through-
put, but is usually in a range of 1 to 10 hours.
[0033] According to the above-described process, a fine aluminum powder produced from the aluminum pieces is
adhered to the surface of the magnet to form the aluminum film. It is considered that the phenomenon of the adhesion
of the fine aluminum powder to the surface of the magnet is a kind of a mechanochemical reaction. The fine aluminum
powder is adhered firmly to the surface of the magnet, and the formed aluminum film exhibits an excellent corrosion
resistance. From the viewpoint of ensuring a sufficient corrosion resistance, it is desirable that the thickness of the film
is equal to or larger than 0.01 µm, as described above. The upper limit for the thickness is particularly not limited, but if
the thickness exceeds 1 µm, a long time is required for forming the aluminum film. For this reason, this process is suit-
able to form an aluminum film having a thickness equal to or smaller than 1 µm.
[0034] After the formation of the aluminum film on the surface of the magnet, the aluminum film can be subjected
to a heat treatment to enhance the adhesion of the aluminum film to the surface of the magnet. The temperature in the
heat treatment is desirable to be in a range of 200°C to 500°C, and more desirable to be in a range of 200°C to 250°C
from the viewpoints of productivity and manufacture cost. If the temperature is lower than 200°C, there is a possibility
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that an interfacial reaction of the aluminum film with the magnet is not advanced sufficiently, and as a result, the adhe-
sion is not enhanced. If the temperature exceeds 500°C, there is a possibility that the deterioration of the magnetic
characteristic of the magnet is brought about and that the aluminum film is melted.

[0035] A process for forming a chemical conversion coating film containing at least one of titanium and zirconium,
phosphorus, oxygen and fluorine as constituting elements on the aluminum film will be described below. One example
of this process is a process which comprises applying, to the surface of the aluminum film, a treating solution containing
at least one of a titanium compound and a zirconium compound, at least one of phosphoric acid, condensed phosphoric
acid, phytic acid, the hydrolyzate of phytic acid and the salts of them, and a fluorine compound, and subjecting the
applied solution to a drying treatment.
[0036] The treating solution is prepared by dissolving, into water, at least one of the titanium compound and the zir-
conium compound, at least one of phosphoric acid, condensed phosphoric acid, phytic acid, the hydrolyzate of phytic
acid and the salts of them, and the fluorine compound.
[0037] Examples of the titanium compound contained in the treating solution, which may be used, are fluorotitanic
acid, alkali metal, alkaline earth metal and ammonium fluorotitanates, titanium sulfate and nitrate and the like. Exam-
ples of the zirconium compound which may be used are fluorozirconic acid, alkali metal, alkaline earth metal and
ammonium fluorozirconates, zirconium sulfate and nitrate and the like. It is desirable that the content of at least one of
the titanium compound and zirconium compound in the treating solution is in a range of 1 ppm to 2,000 ppm, more pref-
erably, in a rang of 10 ppm to 1,000 ppm in terms of metal. If the content is smaller than 1 ppm, there is a possibility that
the chemical conversion coating film is not formed. If the content is larger than 2,000 ppm, there is a possibility that an
increase in cost is brought about.
[0038] Examples of condensed phosphoric acid contained in the treating solution, which may be used, are pyro-
phosphoric acid, tripolyphosphoric acid, metaphosphoric acid, ultraphosphoric acid and the like. Examples of the hydro-
lyzate of phytic acid, which may be used, are myo-inositol diphosphate, triphosphate, tetraphosphate and
pentaphosphate and the like. Examples of the salts of phosphoric acid, condensed phosphoric acid, phytic acid and the
hydrolyzate of phytic acid, which may be used, are ammonium, alkali metal and alkaline earth metal salts of phosphoric
acid, condensed phosphoric acid, phytic acid and the hydrolyzate of phytic acid. When any of phosphoric acid, con-
densed phosphoric acid and the salts thereof is used, it is desirable that the content thereof in the treating solution is in
a range of 1 ppm to 2,000 ppm, more preferably, in a range of 5 ppm to 1,000 ppm in terms of phosphoric acid. The
reason is as follows: if the content is smaller than 1 ppm, there is a possibility that a chemical conversion coating film is
not formed. If the content is larger than 2,000 ppm, the adhesion of a chemical conversion coating film to the magnet is
influenced. When any one of phytic acid, the hydrolyzate of phytic acid and the salts thereof is used, it is desirable for
a similar reason that the content thereof in the treating solution is in a range of 50 ppm to 10,000 ppm, more preferably,
in a range of 100 ppm to 5,000 ppm in terms of phytic acid.
[0039] Examples of the fluorine compound contained in the treating solution, which may be used, are hydrofluoric
acid, ammonium fluoride, ammonium hydrogen fluoride, sodium fluoride and sodium hydrogen fluoride and the like, in
addition to the above-described fluorotitanic acid and the salt thereof, and fluorozirconic acid and the salt thereof. It is
desirable that the content of the fluorine compound in the treating solution is in a range of 10 ppm to 10,000 ppm, more
preferably, in a range of 50 ppm to 5,000 ppm. If the content is smaller than 10 ppm, there is a possibility that the surface
of the aluminum film is not etched efficiently. If the content is larger than 10,000 ppm, there is a possibility that the etch-
ing speed is higher than the film forming speed, thereby making it difficult to form a film uniformly.
[0040] It is desirable that the pH value of the treating solution is regulated to a range of 1 to 6. If the pH value is
smaller than 1, there is a possibility that the surface of the aluminum film is etched excessively. If the pH value exceeds
6, there is a possibility that the stability of the treating solution is influenced.
[0041] In addition to the above-described constituents, an organic acid such as tannic acid, an oxidizing agent
(hydrogen peroxide, chloric acid and the salts thereof, nitrous acid and the salt thereof, nitric acid and the salt thereof,
tungstic acid and the salt thereof, and molybdic acid and the salt thereof), and a water-soluble resin such as a water-
soluble polyamide, may be added to the treating solution for the purpose of enhancing the chemically converting reac-
tion, the stability of the treating solution, the adhesion of a chemical conversion coating film to the magnet and the adhe-
sion to an adhesive used for incorporating the magnet into parts.
[0042] When the treating solution itself is lack in shelf stability, the treating solution may be prepared as required.
Examples of the treating solution, which may be used in the present invention, are a treating solution prepared from
PALCOAT 3753 (which is a trade name and made by Nihon Parkerizing Co., Ltd.), and a treating solution prepared from
PALCOAT 3756NA and PALCOAT 3756NB (both of which are trade names and made by Nihon Parkerizing Co., Ltd.).
[0043] Examples of the method for applying the treating solution to the surface of the aluminum film, which may be
used, are a dip coating process, a spraying process and a spin coating process. It is desirable that the temperature of
the treating solution when being applied is set in a range of 20°C to 80°C. If the temperature is lower than 20°C, there
is a possibility that the reaction is not advanced. If the temperature exceeds 80°C, there is a possibility that the stability
of the treating solution is influenced. The treating time is usually in a range of 10 seconds to 10 minutes.
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[0044] After application of the treating solution to the surface of the aluminum film, the applied treating solution is
subjected to a drying treatment. The temperature in the drying treatment is desirable to be in a range of 50°C to 250°C,
and more desirable to be in a range of 50°C to 150°C from the viewpoints of the productivity and manufacture cost. The
reason is as follows: If the temperature is lower than 50°C, the treating solution cannot be dried sufficiently and as a
result, there is a possibility that the deterioration of the appearance is brought about, and that the adhesion to an adhe-
sive used for incorporating the magnet into parts is influenced. If the temperature exceeds 250°C, there is a possibility
that the decomposition of the chemical conversion coating film occurs. The treating time is usually in a range of 5 sec-
onds to 1 hour.

[0045] The chemical conversion coating film formed by the above-described process and containing at least one of
titanium and zirconium, phosphorus, oxygen and fluorine as constituting elements is adhered firmly to the surface of the
magnet with the aluminum film interposed therebetween. Therefore, if the thickness of the chemical conversion coating
film is equal to or larger than 0.01 µm, a sufficient corrosion resistance is provided. It is believed that during the chem-
ically converting treatment, phosphoric acid or composite phosphoric acid in the treating solution reacts with Nd or Fe
which is a magnet material on the surface of the magnet, thereby forming a passive film, and hence, even if the alumi-
num film has a portion which has been formed unsatisfactorily, the passive film compensates for the corrosion resist-
ance of such portion. Although the upper limit of the thickness of the chemical conversion coating film is not limited, the
thickness of the chemical conversion coating film is desirable to be equal to or smaller than 1 µm and more desirable
to be equal to or smaller than 0.3 µm from the viewpoints of the demand based on a reduction in size of the magnet
itself and the manufacture cost.
[0046] The content of titanium and/or zirconium in the chemical conversion coating film is desirable to be in a range
of 0.1 mg to 100 mg and more desirable to be in a range of 1 mg to 50 mg per a film portion formed on 1 m2 of the
surface of the magnet. If the content is smaller than 0.1 mg, there is a possibility that a sufficient corrosion resistance
is not provided. If the content is larger than 100 mg, there is a possibility that an increase in cost is brought about.
[0047] The content of phosphorus in the chemical conversion coating film is desirable to be in a range of 0.1 mg to
100 mg and more desirable to be in a range of 1 mg to 50 mg per a film portion formed on 1 m2 of the surface of the
magnet. If the content is smaller than 0.1 mg, there is a possibility that a sufficient corrosion resistance is not provided.
If the content is larger than 100 mg, there is a possibility that the adhesion to an adhesive used for incorporating the
magnet into parts is influenced.
[0048] Oxygen in the chemical conversion coating film is present in the chemical conversion coating film in the form
bonded to titanium, zirconium or phosphorus, and as a constituting element of the organic acid added into the treating
solution for the purpose of enhancing the adhesion to an adhesive used for incorporating the magnet into the parts. It
is desirable that the content of oxygen in the chemical conversion coating film is in a range of 0.2 mg to 300 mg per a
film portion formed on 1 m2 of the surface of the magnet. If the content is smaller than 0.2 mg, there is a possibility that
a sufficient corrosion resistance is not provided. If the content is larger than 300 mg, there is a possibility that the adhe-
sion to an adhesive used for incorporating the magnet into the parts is influenced.
[0049] Fluorine in the chemical conversion coating film is incorporated into the chemical conversion coating film
upon the formation of the chemical conversion coating film due to free fluorine ion or fluorine bonding with the Zr com-
pound such as ZrF4HPO4 present in the treating solution for the purpose of etching the surface of the aluminum film.
The content of fluorine in the chemical conversion coating film is desirable to be in a range of 0.05 mg to 100 mg and
more desirable to be in a range of 0.1 mg to 50 mg per a film portion formed on 1 m2 of the surface of the magnet. If
the content is smaller than 0.05 mg, there is a possibility that a sufficient corrosion resistance is not provided. If the con-
tent is larger than 100 mg, there is a possibility that the adhesion to an adhesive used for incorporating the magnet into
the parts is influenced.
[0050] Preferred among the chemical conversion coating films formed by the above-described process and con-
taining at least one of titanium and zirconium, phosphorus, oxygen and fluorine as constituting elements, are a film in
which the ratio of the number of moles of phosphorus to the number of moles of titanium and/or zirconium in an area
near the surface of the film (e.g., an area between the surface of the film and a point 0.002 µm spaced apart from the
surface of the film) is larger than that in the entire film, and a film in which the ratio of the number of moles of phosphorus
to the number of moles of titanium and/or zirconium in an area near the surface of the film is equal to or larger than 1,
desirably, equal to or larger than 2 and more desirably, equal to or larger than 3. The reason is believed to be that even
if the film is brought into contact with water, a large number of molecules of phosphoric acid or composite phosphoric
acid present in the area near the surface of the film catch the water, thereby preventing the water causing the corrosion
from reaching the surface of the magnet. To form such a film, it is desirable to use a treating solution in which the ratio
of the number of moles (in terms of phosphorus) of at least one of phosphoric acid, condensed phosphoric acid, phytic
acid, the hydrolyzate of phytic acid and the salts of them to the number of moles (in terms of metal) of at least one of
the titanium compound and the zirconium compound in the treating solution is equal to or larger than 1.
[0051] Prior to the formation of a chemical conversion coating film on the aluminum film, a shot peening (a method
for modifying a surface by bumping hard grains against the surface) may be carried out as a previous step. The shot
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peening enables the aluminum film to be smoothened, thereby facilitating the formation of a chemical conversion coat-
ing film which is thin, but has an excellent corrosion resistance.

[0052] A powder used for the shot peening is desirable to have a hardness equivalent to or higher that of the formed
aluminum film, and examples of the powder are spherical hard materials having a Mohs hardness of 3 or more such as
those comprising steel balls and glass beads. The average particle size of the powder is desirable to be in a range of
30 µm to 3,000 µm and more desirable to be in a range of 40 µm to 2,000 µm. If the average particle size is smaller
than 30 µm, the pressing force applied to the aluminum film is small, resulting in a long time taken for the treatment. On
the other hand, if the average particle size exceeds 3,000 µm, there is a possibility that the roughness of the treated
surface is too large, and the finished surface is uneven.
[0053] The injection pressure in the shot peening is desirable to be in a range of 1.0 kg/cm2 to 5.0 kg/cm2. If the
injection pressure is lower than 1.0 kg/cm2, the pressing force to the metallic film is small, resulting in a long time taken
for the treatment. If the injection pressure exceeds 5.0 kg/cm2, there is a possibility that the pressing force to the metal-
lic film is ununiform, thereby bringing about the deterioration of the roughness of the surface.
[0054] The injection time in the shot peening is desirable to be in a range of 1 minute to 1 hour. If the injection time
is shorter than 1 minute, there is a possibility that the entire surface cannot be treated uniformly. If the injection time
exceeds 1 hour, there is a possibility that the deterioration of the roughness of the surface is brought about.
[0055] A rare earth element (R) contained in an Fe-B-R based permanent magnet used in the present invention is
desirably at least one of Nd, Pr, Dy, Ho, Tb and Sm, in addition thereto at least one of La, Ce, Gd, Er, Eu, Tm, Yb, Lu
and Y.
[0056] Usually, one of them (R) suffices, but in practice, a mixture of two or more rare earth elements (misch metal
and didymium and the like) may be used for the reason of an available convenience.
[0057] The content of R in the Fe-B-R based permanent magnet is desirable to be in a range of 10 % by atom to
30 % by atom. If the R content is lower than 10 % by atom, the crystal structure is the same cubic crystal structure as
α-Fe and for this reason, a high magnetic characteristic, particularly, a high coercive force (iHc) is not obtained. On the
other hand, if the R content exceeds 30% by atom, the content of an R-rich non-magnetic phase is increased, and the
residual magnetic flux density (Br) is reduced, whereby a permanent magnet having an excellent characteristic is not
produced.
[0058] The Fe content is desirable to be in a range of 65 % by atom to 80 % by atom. If the Fe content is lower than
65 % by atom, the residual magnetic flux density (Br) is reduced. If the Fe content exceeds 80 % by atom, a high coer-
cive force (iHc) is not obtained.
[0059] It is possible to improve the temperature characteristic without degradation of the magnetic characteristic of
the produced magnet by substituting a portion of Fe with Co. However, if the amount of Co substituted exceeds 20 %
of Fe, the magnetic characteristic is degraded and hence, such amount is not preferred. The amount of Co substituted
in a range of 5 % by atom to 15 % by atom is desirable for providing a high magnetic flux density, because the residual
magnetic flux density (Br) is increased, as compared with a case where a portion of Fe is not substituted.
[0060] The B content is desirable to be in a range of 2 % by atom to 28 % by atom. If the B content is lower than 2
% by atom, a rhombohedral structure is a main phase, and a high coercive force (iHc) is not obtained. If the B content
exceeds 28 % by atom, the content of a B-rich non-magnetic phase is increased, and the residual magnetic flux density
(Br) is reduced, whereby a permanent magnet having an excellent characteristic is not produced.
[0061] To improve the manufacture of the magnet and reduce the cost, at least one of 2.0 % by weight or less of P
and 2.0 % by weight or less of S may be contained in a total amount of 2.0 % by weight or less. Further, the corrosion
resistance of the magnet can be improved by substituting a portion of B with 30 % by weight or less of carbon (C).
[0062] Further, the addition of at least one of Al, Ti, V, Cr, Mn, Bi, Nb, Ta, Mo, W, Sb, Ge, Sn, Zr, Ni, Si, Zn, Hf and
Ga is effective for improving the coercive force and the rectangularity of a demagnetizing curve and for improving the
manufacture and reducing the cost. It is desirable that at least one of them is added in an amount within a range satis-
fying a condition that at least 9 kG of Br is required in order to ensure that the maximum energy product (BH)max is
equal to or larger than 20 MGOe.
[0063] In addition to R, Fe and B, the Fe-B-R based permanent magnet may contain impurities inevitable for indus-
trial production of the magnet.
[0064] The Fe-B-R based permanent magnet used in the present invention has a feature in that it includes a main
phase comprising a compound having a tetragonal crystal structure with an average crystal grain size in a range of 1
µm to 80 µm, and 1 % to 50 % by volume of a non-magnetic phase (excluding an oxide phase). This magnet shows iHc
. 1 kOe, Br > 4 kG and (BH)max . 10 MGOe, wherein the maximum value of (BH)max reaches 25 MGOe or more.
[0065] A further film may be formed on the chemical conversion coating film of the present invention. By employing
such a configuration, it is possible to enhance the characteristic of the chemical conversion coating film and provide a
further functionability to the chemical conversion coating film.
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EXAMPLES

[0066] For example, as described in US Patent No.4,770,723, a known cast ingot was pulverized and then sub-
jected sequentially to a pressing, a sintering, a heat treatment and a surface working, thereby producing a sintered
magnet having a size of 23 mm x 10 mm x 6 mm and a composition of 17Nd-1Pr-75Fe-7B (which will be referred to as
"magnet test piece" hereinafter). The magnet test piece was subjected to the following experiment, wherein the thick-
ness of an aluminum film was measured using a fluorescence X-ray thickness-meter (SFT-7000 made by Seiko Instru-
ments and Electronics, Ltd.). The thickness of a chemical conversion coating film was determined by an analysis in a
direction of the depth of the film using an X-ray photoelectron spectroscopy (XPS) (using ESCA-850 made by Shi-
madzu, Co.). The content of each of constituents in the film was measured by a fluorescence X-ray intensity (using RIX-
3000 made by Rigaku Corporation. Co.).
[0067] It should be noted that the present invention is applicable not only to an Fe-B-R based sintered magnet but
also to an Fe-B-R based bonded magnet.

Example 1

[0068] A magnet test piece was subjected to a sputtering in an evacuated vacuum vessel evacuated to 1 x 10-4 Pa
for 35 minutes under conditions of an argon gas pressure of 10 Pa and a bias voltage of -400 V, and the surface of the
magnet was cleaned.
[0069] Then, the magnet test piece was subjected to an arc ion plating process for 15 minutes with metal aluminum
used as a target under conditions of an argon gas pressure of 0.2 Pa, a bias voltage of -50 V and a magnet temperature
of 250°C, whereby an aluminum film was formed on the surface of the magnet and left to cool. The formed aluminum
film had a thickness of 0.5 µm.
[0070] 35 g of PALCOAT 3753 (which is a trade name and made by Nihon Parkerizing Co., Ltd.) was dissolved in 1
liter of water to produce a treating solution (having a pH value of 3.8). The magnet having the aluminum film on its sur-
face was dipped in this treating solution at a bath temperature of 40°C for 1 minute and then subjected to a drying treat-
ment at 100°C for 20 minutes, whereby a titanium-containing chemical conversion coating film having a thickness of 0.1
µm was formed on the aluminum film. The content of titanium in the chemical conversion coating film was 10 mg (per
1 m2 of the surface of the magnet); the content of phosphorus was 7 mg (per 1 m2 of the surface of the magnet); the
content of oxygen was 21 mg (per 1 m2 of the surface of the magnet), and the content of fluorine was 2 mg (per 1 m2

of the surface of the magnet).
[0071] The magnet produced in the above-described manner and having the titanium-containing chemical conver-
sion coating film on its surface with the aluminum film interposed therebetween was subjected to a corrosion resistance
acceleration test, wherein it was left to stand for 300 hours under high-temperature and high-humidity conditions of a
temperature of 80°C and a relative humidity of 90 %. The magnetic characteristics before and after the test and the sit-
uation of variation in appearance after the test are shown in Table 1. As a result, it was found that even if the magnet
was left to stand for the long time under the high-temperature and high-humidity conditions, the magnet satisfied a
required corrosion resistance sufficiently with the both of magnetic characteristic and appearance little degraded.

Example 2

[0072] The magnet test piece was cleaned under the same conditions as in Example 1. Then, an aluminum (Al)
wire used as a coating material was heated, evaporated and ionized for an ion plating process for 1 minute under con-
ditions of an argon gas pressure of 1 Pa and a voltage of 1.5 kV, thereby forming an aluminum film on the surface of the
magnet, and the film was left to cool. The formed aluminum film had a thickness of 0.9 µm.
[0073] Thereafter, a powder comprising spherical glass beads having an average particle size of 120 µm and a
Mohs hardness of 6 was injected along with a pressurized gas comprising N2 gas against the surface of the aluminum
film under an injection pressure of 1.5 kg/cm2 for 5 minutes to carry out the shot peening of the surface of the aluminum
film.
[0074] 10 g of PALCOAT 3756NA and 10 g of PALCOAT 3756NB (both of which are trade names and made by
Nihon Parkerizing Co., Ltd.) were dissolved in 1 liter of water to produce a treating solution (in which the ratio of the
number of moles of phosphorus to the number of moles of zirconium was 6.2, and which had a pH value of 3.2). The
magnet having the aluminum film on its surface was dipped in this treating solution at a bath temperature of 50°C for 1
minute and 30 seconds and then subjected to a drying treatment at 120°C for 20 minutes, whereby a zirconium-con-
taining chemical conversion coating film having a thickness of 0.07 µm was formed on the aluminum film. The content
of zirconium in the chemical conversion coating film was 16 mg (per 1 m2 of the surface of the magnet); the content of
phosphorus was 11 mg (per 1 m2 of the surface of the magnet); the content of oxygen was 50 mg (per 1 m2 of the sur-
face of the magnet), and the content of fluorine was 3 mg (per 1 m2 of the surface of the magnet).
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[0075] The magnet produced in the above-described manner and having the zirconium-containing chemical con-
version coating film on its surface with the aluminum film interposed therebetween was subjected to the corrosion
resistance acceleration test under the same conditions as in Example 1. Results of the test are shown in Table 1. As a
result, it was found that the produced magnet satisfied a required corrosion resistance sufficiently.

Example 3

[0076] 150 magnet test pieces (having an apparent volume of 0.5 liters and a weight of 1.6 kg) and short columnar
aluminum pieces (having an apparent volume of 20 liters and a weight of 100 kg) each having a diameter of 0.8 mm
and a length of 1 mm were thrown into a treating chamber in a vibrated-type barrel finishing machine having a volume
of 50 liters (so that the total amount was 40% by volume of the internal volume of the treating chamber), where they
were treated in a dry manner for 5 hours under conditions of a vibration frequency of 60 Hz and a vibration amplitude
of 1.8 mm, thereby forming an aluminum film on the surface of each of the magnets. The formed aluminum film had a
thickness of 0.05 µm.
[0077] The magnets each having the aluminum film on its surface were dipped in the treating solution described in
Example 2 at a bath temperature of 50°C for 1 minute and 30 seconds and then subjected to a drying treatment at
120°C for 20 minutes, whereby a zirconium-containing chemical conversion coating film having a thickness of 0.08 µm
was formed on the aluminum film. The content of zirconium in the chemical conversion coating film was 16 mg (per 1
m2 of the surface of the magnet); the content of phosphorus was 12 mg (per 1 m2 of the surface of the magnet); the
content of oxygen was 38 mg (per 1 m2 of the surface of the magnet), and the content of fluorine was 3 mg (per 1 m2

of the surface of the magnet).
[0078] The magnets produced in the above-described manner and each having the zirconium-containing chemical
conversion coating film on its surface with the aluminum film interposed therebetween was subjected to the corrosion
resistance acceleration test under the same conditions as in Example 1. Results of the test are shown in Table 1. As a
result, it was found that the produced magnets satisfied a required corrosion resistance sufficiently.

Example 4

[0079] The magnet test piece was cleaned under the same conditions as in Example 1 and then subjected to an
arc ion plating process for 2.5 hours, whereby an aluminum film was formed on the surface of the magnet and left to
cool. The formed aluminum film had a thickness of 5 µm.
[0080] The magnet having the aluminum film on its surface was dipped in the treating solution described in Exam-
ple 1 at a bath temperature of 40°C for 1 minute and then subjected to a drying treatment at 100°C for 20 minutes,
whereby a titanium-containing chemical conversion coating film having a thickness of 0.09 µm was formed on the alu-
minum film. The content of titanium in the chemical conversion coating film was 9 mg (per 1 m2 of the surface of the
magnet); the content of phosphorus was 6 mg (per 1 m2 of the surface of the magnet); the content of oxygen was 20
mg (per 1 m2 of the surface of the magnet), and the content of fluorine was 2 mg (per 1 m2 of the surface of the magnet).
[0081] The magnet produced in the above-described manner and having the titanium-containing chemical conver-
sion coating film on its surface with the aluminum film interposed therebetween was subjected to a corrosion resistance
acceleration test, wherein it was left to stand for 1,000 hours under high-temperature and high-humidity conditions of a
temperature of 80°C and a relative humidity of 90 %. The magnetic characteristics before and after the test and the sit-
uation of variation in appearance after the test are shown in Table 2. As a result, it was found that even if the magnet
was left to stand for the long time under the high-temperature and high-humidity conditions, the magnet satisfied a
required corrosion resistance sufficiently with the both of magnetic characteristic and appearance little degraded.

Example 5

[0082] An aluminum film was formed on the surface of the magnet by an ion plating process for 10 minutes under
the same conditions as in Example 2 and then left to cool. The formed aluminum film had a thickness of 10 µm.
[0083] Thereafter, a powder comprising spherical glass beads having an average particle size of 120 µm and a
Mohs hardness of 6 was injected along with a pressurized gas comprising N2 gas against the surface of the aluminum
film under an injection pressure of 1.5 kg/cm2 for 5 minutes to carry out the shot peening of the surface of the aluminum
film.
[0084] The magnet having the aluminum film on its surface was dipped in the treating solution described in Exam-
ple 2 at a bath temperature of 50°C for 1 minute and 30 seconds and then subjected to a drying treatment at 120°C for
20 minutes, whereby a zirconium-containing chemical conversion coating film having a thickness of 0.07 µm was
formed on the aluminum film. The content of zirconium in the chemical conversion coating film was 15 mg (per 1 m2 of
the surface of the magnet); the content of phosphorus was 12 mg (per 1 m2 of the surface of the magnet); the content
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of oxygen was 47 mg (per 1 m2 of the surface of the magnet), and the content of fluorine was 2 mg (per 1 m2 of the
surface of the magnet).

[0085] The magnet produced in the above-described manner and having the zirconium-containing chemical con-
version coating film on its surface with the aluminum film interposed therebetween was subjected to the corrosion
resistance acceleration test under the same conditions as in Example 4. Results of the test are shown in Table 2. As a
result, it was found that the produced magnet satisfied a required corrosion resistance sufficiently.
[0086] The ratio of the number of moles of phosphorus to the number of moles of zirconium in an area between the
surface of the zirconium-containing chemical conversion coating film and a point 0.002 µm spaced apart from the sur-
face was measured by an X-ray photoelectron spectroscopy (XPS) (using ESCA-850 made by Shimadzu, Co.), and the
result showed 7. On the other hand, the ratio of the number of moles of phosphorus to the number of moles of titanium
and/or zirconium in the entire chemical conversion coating film was calculated based on the numbers of moles of zirco-
nium and phosphorus measured by a fluorescence X-ray intensity, and as a result, such ratio was 2.

Example 6

[0087] The magnet test piece was cleaned under the same conditions as in Example 1. Then, an ingot of metal alu-
minum used as a coating material was heated and evaporated, and the magnet test piece was subjected to a vacuum
evaporation process for 50 minutes under a condition of an argon gas pressure of 1 x 10-2 Pa, thereby forming an alu-
minum film on the surface of the magnet, and the film was left to cool. The formed aluminum film had a thickness of 8
µm.
[0088] The magnet having the aluminum film on its surface was dipped in the treating solution described in Exam-
ple 2 at a bath temperature of 50°C for 1 minute and 30 seconds and then subjected to a drying treatment at 120°C for
20 minutes, whereby a zirconium-containing chemical conversion coating film having a thickness of 0.06 µm was
formed on the aluminum film. The content of zirconium in the chemical conversion coating film was 15 mg (per 1 m2 of
the surface of the magnet); the content of phosphorus was 13 mg (per 1 m2 of the surface of the magnet); the content
of oxygen was 35 mg (per 1 m2 of the surface of the magnet), and the content of fluorine was 2 mg (per 1 m2 of the
surface of the magnet).
[0089] The magnet produced in the above-described manner and having the zirconium-containing chemical con-
version coating film on its surface with the aluminum film interposed therebetween was subjected to the corrosion
resistance acceleration test under the same conditions as in Example 4. Results of the test are shown in Table 2. As a
result, it was found that the produced magnet satisfied a required corrosion resistance sufficiently.

Table 1

Before corrosion-resistance test After corrosion-resistance test Appearance
after test

Br (kG) iHc (koe) (BH)max
(MGOe)

Br (kG) iHc (kOe) (BH)max
(MGOe)

Example 1 11.3 16.7 30.6 11.2 16.5 29.8 not varied

Example 2 11.3 16.6 30.5 11.3 16.4 29.8 not varied

Example 3 11.4 16.7 30.6 11.1 16.4 29.7 not varied

Com. Example
1

11.3 16.7 30.5 10.6 15.8 27.3 locally rusted

Com. Example
2

11.4 16.6 30.5 10.1 15.3 26.5 hardly rusted
on entire sur-

face

Com. = Comparative
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Comparative Example 1

[0090] The magnet test piece was degreased, pickled and then immersed in a treating solution comprising 4.6 g/l
of zinc and 17.8 g/l of phosphate at a bath temperature of 70°C, whereby a phosphate film having a thickness of 1 µm
was formed on the surface of the magnet. The produced magnet was subjected to the corrosion resistance acceleration
test under the same conditions as in Example 1. Results of the test are shown in Table 1. As a result, the deterioration
of the magnetic characteristic was brought about, and the rusting was produced in the produced magnet.

Comparative Example 2

[0091] The magnet test piece was subjected to the corrosion resistance acceleration test under the same condi-
tions as in Example 1. Results of the test are shown in Table 1. As a result, the deterioration of the magnetic character-
istic was brought about, and the rusting was produced in the magnet test piece.

Comparative Example 3

[0092] The magnet having the aluminum film on its surface subjected to the shot peening in Example 5 was sub-
jected to the corrosion resistance acceleration test under the same conditions as in Example 4. Results of the test are
shown in Table 2. As a result, the deterioration of the magnetic characteristic was brought about, and the rusting was
produced in the produced magnet.

Comparative Example 4

[0093] The magnet having the aluminum film on its surface subjected to the shot peening in Example 5 was cleaned
and then immersed in a treating solution comprising 300 g/l of sodium hydroxide. 40 g/l of zinc oxide, 1 g/l of ferric chlo-
ride and 30 g/l of Rochelle salt at a bath temperature of 23°C, whereby the surface of the aluminum film was substituted
with zinc (Zn). Further, the resulting magnet was subjected to an electroplating treatment under a condition of a current
density of 1.8 A/dm2 using a plating solution comprising 240 g/l of nickel sulfate, 48 g/l of nickel chloride, an appropriate
amount of nickel carbonate (having a pH value adjusted) and 30 g/l of boric acid at a bath temperature of 55°C and at
a pH value of 4.2, whereby a nickel film having a thickness of 0.9 µm was formed on the aluminum film with its surface
substituted with zinc. The resulting magnet was subjected to the corrosion resistance acceleration test under the same
conditions as in Example 4. Results of the test are shown in Table 2. As a result, the deterioration of the magnetic char-
acteristic of the magnet was brought about, and a portion of the nickel film was peeled off.

Table 2

Before corrosion-resistance test After corrosion-resistance test Appearance
after test

Br (kG) iHc (kOe) (BH)max
(MGOe)

Br (kG) iHc (kOe) (BH)max
(MGOe)

Example 4 11.3 16.7 30.6 11.1 16.3 29.6 pin holes pro-
duced, but not

rusted

Example 5 11.3 16.7 30.6 11.2 16.5 29.8 not varied

Example 6 11.3 16.7 30.6 11.2 16.4 29.7 not varied

Com. Example
3

11.4 16.7 30.6 10.3 15.3 27.5 locally rusted

Com. Example
4

11.4 16.6 30.5 10.8 16.0 28.6 a portion of Ni
film peeled off

Com. = Comparative
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INDUSTRIAL APPLICABILITY

[0094] In the Fe-B-R based permanent magnet having the chemical conversion coating film which is formed on its
surface with the aluminum film interposed therebetween and which contains at least one of zirconium and titanium,
phosphorus, oxygen and fluorine as constituting elements, the chemical conversion coating film is adhered firmly to the
magnet with the aluminum film interposed therebetween and hence, the magnet is excellent in corrosion resistance.
Even if the magnet is left to stand for a long time under high-temperature arid high-humidity conditions of a temperature
of 80°C and a relative humidity of 90 %, the magnet exhibits a stable high magnetic characteristic which cannot be dete-
riorated. Moreover, the film is free from hexa-valent chromium.

Claims

1. An Fe-B-R based permanent magnet, which has a chemical conversion coating film formed on its surface with an
aluminum film interposed therebetween, said chemical conversion coating film containing at least one of titanium
and zirconium, phosphorus, oxygen and fluorine as constituting elements.

2. An Fe-B-R based permanent magnet according to claim 1, wherein said aluminum film has a thickness in a range
of 0.01 µm to 50 µm.

3. An Fe-B-R based permanent magnet according to claim 1, wherein said chemical conversion coating film has a
thickness in a range of 0.01 µm to 1 µm.

4. An Fe-B-R based permanent magnet according to claim 1, wherein the content of titanium and/or zirconium in said
chemical conversion coating film is in a range of 0.1 mg to 100 mg per a film portion formed on 1 m2 of the surface
of the magnet.

5. An Fe-B-R based permanent magnet according to claim 1, wherein the content of phosphorus in said chemical
conversion coating film is in a range of 0.1 mg to 100 mg per a film portion formed on 1 m2 of the surface of the
magnet.

6. An Fe-B-R based permanent magnet according to claim 1, wherein the content of oxygen in said chemical conver-
sion coating film is in a range of 0.2 mg to 300 mg per a film portion formed on 1 m2 of the surface of the magnet.

7. An Fe-B-R based permanent magnet according to claim 1, wherein the content of fluorine in said chemical conver-
sion coating film is in a range of 0.05 mg to 100 mg per a film portion formed on 1 m2 of the surface of the magnet.

8. An Fe-B-R based permanent magnet according to claim 1, wherein the ratio of the number of moles of phosphorus
to the number of moles of titanium and/or zirconium in an area near the surface of the chemical conversion coating
film is larger than that in the entire chemical conversion coating film.

9. An Fe-B-R based permanent magnet according to claim 1, wherein the ratio of the number of moles of phosphorus
to the number of moles of titanium and/or zirconium in an area near the surface of the chemical conversion coating
film is equal to or larger than 1.

10. A process for producing an Fe-B-R based permanent magnet, comprising the steps of forming an aluminum film on
the surface of an Fe-B-R based permanent magnet, applying a treating solution containing at least one of a titanium
compound and a zirconium compound, at least one of phosphoric acid, condensed phosphoric acid, phytic acid,
the hydrolyzate of phytic acid and the salts of them, and a fluorine compound, onto the surface of the aluminum
film, and drying the applied treating solution, thereby forming a chemical conversion coating film containing at least
one of titanium and zirconium, phosphorus, oxygen and fluorine as constituting elements.

11. A process for producing an Fe-B-R based permanent magnet according to claim 10, wherein said aluminum film is
formed by a vapor deposition process.

12. A process for producing an Fe-B-R based permanent magnet according to claim 11, wherein said aluminum film
has a thickness in a range of 0.01 µm to 50 µm.

13. A process for producing an Fe-B-R based permanent magnet according to claim 10, wherein the Fe-B-R based
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permanent magnet and aluminum pieces are placed into a treating vessel, where they are vibrated and/or agitated,
thereby forming the aluminum film.

14. A process for producing an Fe-B-R based permanent magnet according to claim 13, wherein said aluminum film
has a thickness in a range of 0.01 µm to 1 µm.

15. A process for producing an Fe-B-R based permanent magnet according to claim 10, wherein the ratio of the
number of moles (in terms of phosphorus) of at least one of phosphoric acid, condensed phosphoric acid, phytic
acid, the hydrolyzate of phytic acid and the salts of them to the number of moles (in terms of metal) of at least one
of the titanium compound and the zirconium compound in the treating solution is equal to or larger than 1.
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