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Description
TECHNICAL FIELD

[0001] The present invention relates to a method for
manufacturing an R-T-B system rare earth permanent
magnet containing, as main components, R (wherein R
represents one or more rare earth elements, providing
that the rare earth elements include Y), T (wherein T
represents at least one transition metal element essen-
tially containing Fe, or Fe and Co), and B (boron).

BACKGROUND ART

[0002] Among rare earth permanent magnets, an
R-T-B system rare earth permanent magnet has been
increasingly demanded year by year for the reasons that
its magnetic properties are excellent and that its main
component Nd is abundant as a source and relatively
inexpensive.

[0003] Research and development directed towards
the improvement of the magnetic properties of the R-T-B
system rare earth permanent magnet have intensively
progressed. For example, Japanese Patent Laid-Open
No. 1-219143 discloses that the addition of 0.02 to 0.5
at % of Cu improves magnetic properties of the R-T-B
system rare earth permanent magnet as well as heat
treatment conditions. However, the method described
in Japanese Patent Laid-Open No. 1-219143 is insuffi-
cient to obtain high magnetic properties required of a
high performance magnet, such as a high coercive force
(Hed) and a high residual magnetic flux density (Br).
[0004] The magnetic properties of an R-T-B system
rare earth permanent magnet obtained by sintering de-
pend on the sintering temperature. On the other hand,
itis difficult to equalize the heating temperature through-
out all parts of a sintering furnace in the scale of indus-
trial manufacturing. Thus, the R-T-B system rare earth
permanent magnet is required to obtain desired mag-
netic properties even when the sintering temperature is
changed. A temperature range in which desired mag-
netic properties can be obtained is referred to as a suit-
able sintering temperature range herein.

[0005] In order to obtain a higher-performance R-T-B
system rare earth permanent magnet, it is necessary to
decrease the amount of oxygen contained in alloys.
However, if the amount of oxygen contained in the alloys
is decreased, abnormal grain growth is likely to occure
in a sintering process, resulting in a decrease in a
squareness. This is because oxides formed by oxygen
contained in the alloys inhibit the grain growth.

[0006] Thus, a method of adding a new element to the
R-T-B system rare earth permanent magnet containing
Cu has been studied as means for improving the mag-
netic properties. Japanese Patent Laid-Open No.
2000-234151 discloses the addition of Zr and/or Cr to
obtain a high coercive force and a high residual mag-
netic flux density.
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[0007] Likewise, Japanese Patent Laid-Open No.
2002-75717 discloses a method of uniformly dispersing
afine ZrB compound, NbB compound or HfB compound
(hereinafter referred to as an M-B compound) into an
R-T-B system rare earth permanent magnet containing
Zr, Nb or Hf as well as Co, Al and Cu, followed by pre-
cipitation, so as to inhibit the grain growth in a sintering
process and to improve magnetic properties and the
suitable sintering temperature range.

[0008] According to Japanese Patent Laid-Open No.
2002-75717, the suitable sintering temperature range is
extended by the dispersion and precipitation of the M-B
compound. However, in Example 3-1 described in the
above publication, the suitable sintering temperature
range is narrow, such as approximately 20°C. Accord-
ingly, to obtain high magnetic properties using a mass-
production furnace or the like, it is desired to further ex-
tend the suitable sintering temperature range. Moreo-
ver, in order to obtain a sufficiently wide suitable sinter-
ing temperature range, it is effective to increase the ad-
ditive amount of Zr. However, as the additive amount of
Zr increases, the residual magnetic flux density de-
creases, and thus, high magnetic properties of interest
cannot be obtained.

[0009] Hence, it is an object of the present invention
to provide a method for manufacturing an R-T-B system
rare earth permanent magnet, which enables to inhibit
the grain growth, while keeping a decrease in magnetic
properties to a minimum, and also enables to further im-
prove the suitable sintering temperature range.

DISCLOSURE OF THE INVENTION

[0010] The present inventors have found that when
an R-T-B system rare earth permanent magnet contains
Zr in a specific form, more specifically when a product
that is rich in Zr exists in an R,T,4B phase constituting
the main phase of an R-T-B system rare earth perma-
nent magnet, the permanent magnet enables to inhibit
the grain growth, while keeping a decrease in magnetic
properties to a minimum, and to improve the suitable
sintering temperature range. It is important for this
R-T-B system rare earth permanent magnet to generate
the Zr rich product in the R,T4B phase (hereinafter re-
ferred to as an intraphase product at times) during a sin-
tering step in a method for manufacturing the R-T-B sys-
tem rare earth permanent magnet. The method for man-
ufacturing the R-T-B system rare earth permanent mag-
net comprises the steps of: preparing an R-T-B alloy
containing as a main component the R,T4B phase
(wherein R represents one or more rare earth elements
(providing that the rare earth elements include Y), and
T represents one or more transition metal elements es-
sentially containing Fe, or Fe and Co) and also contain-
ing Zr, and an R-T alloy containing R and T as main com-
ponents, wherein the amount of R is higher than that of
the R-T-B alloy; obtaining a mixture of the R-T-B alloy
powder and the R-T alloy powder; preparing a compact-
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ed body with a certain form from the mixture; and sin-
tering the compacted body. The intraphase product is
platy or acicular.

[0011] The sintered body of the present invention
preferably has a composition consisting essentially of
25% to 35% by weight of R, 0.5% to 4.5% by weight of
B, 0.02% to 0.6% by weight of Al and/or Cu, 0.03% to
0.25% by weight of Zr, 4% or less by weight (excluding
0) of Co, and the balance substantially being Fe. More
preferably, it has a composition consisting essentially of
28% to 33% by weight of R, 0.5% to 1.5% by weight of
B, 0.03% to 0.3% by weight of Al, 0.03% to 0.15% by
weight of Cu, 0.05% to 0.2% by weight of Zr, 0.1% to
2.0% or less by weight of Co, and the balance substan-
tially being Fe. It is especially desirable that the amount
of Zris 0.1 to 0.15% by weight.

BRIEF DISCRIPTION OF THE DRAWINGS
[0012]

FIG. 1 is a table showing the combinations of low R
alloys and high R alloys used in Embodiment Ex-
ample 1, and the compositions of the obtained per-
manent magnets;

FIG. 2 is a table showing the magnetic properties
of the permanent magnets obtained in Embodiment
Example 1;

FIG. 3 is a graph showing the relationship between
the amount of additive element M (Zr or Ti) and the
residual magnetic flux density (Br) of each of the
permanent magnets obtained in Embodiment Ex-
ample 1;

FIG. 4 is a graph showing the relationship between
the amount of additive element M (Zr or Ti) and the
coercive force (HcJ) of each of the permanent mag-
nets obtained in Embodiment Example 1;

FIG. 5 is a graph showing the relationship between
the amount of additive element M (Zr or Ti) and the
squareness (Hk/HcJ) of each of the permanent
magnets obtained in Embodiment Example 1;
FIG. 6 is a TEM (Transmission Electron Micro-
scope) photograph of a sample (containing 0.10%
by weight of Zr) of Example 1;

FIG. 7Ais a diagram showing an EDS (Energy Dis-
persive X-ray Fluorescence Spectrometer) profile
of a product existing in the sample (containing
0.10% by weight of Zr) of Example 1;

FIG. 7B is a diagram showing an EDS profile of the
R,T44B phase of the sample (containing 0.10% by
weight of Zr) of Example 1;

FIG. 8 is a high resolution TEM photograph of the
sample (containing 0.10% by weight of Zr) of Exam-
ple 1;

FIG. 9is a TEM photograph of the sample (contain-
ing 0.10% by weight of Zr) of Example 1;

FIG. 10 is another TEM photograph of the sample
(containing 0.10% by weight of Zr) of Example 1;
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FIG. 11A is a photograph (lower) showing the Zr
mapping results of the sample (containing 0.10%
by weight of Zr) of Example 1 by EPMA (Electron
Probe Micro Analyzer), and a photograph (upper)
showing a composition image in the same scope as
the Zr mapping results (lower);

FIG. 11B is a photograph (lower) showing the Zr
mapping results of a sample (containing 0.10% by
weight of Zr) of Comparative Example 2 by EPMA,
and a photograph (upper) showing a composition
image in the same scope as the Zr mapping results
(lower);

FIG. 12 is a table showing the magnetic properties
of the permanent magnets obtained in Embodiment
Example 2;

FIG. 13 is a graph showing the relationship between
the sintering temperature and the residual magnetic
flux density (Br) in Embodiment Example 2;

FIG. 14 is a graph showing the relationship between
the sintering temperature and the coercive force
(Hed) in Embodiment Example 2;

FIG. 15is a graph showing the relationship between
the sintering temperature and the squareness (Hk/
HcJ) in Embodiment Example 2;

FIG. 16 is a graph showing the correspondence be-
tween the residual magnetic flux density (Br) and
the squareness (Hk/HcJ) at each sintering temper-
ature in Embodiment Example 2;

FIG. 17 is a table showing the combinations of low
R alloys and high R alloys used in Embodiment Ex-
ample 3, and the compositions of the obtained per-
manent magnets;

FIG. 18 is a table showing the magnetic properties
of the permanent magnets obtained in Embodiment
Example 3;

FIG. 19 is a table showing the combinations of low
R alloys and high R alloys used in Embodiment Ex-
ample 4, and the compositions of the obtained per-
manent magnets;

FIG. 20 is a table showing the magnetic properties
of the permanent magnets obtained in Embodiment
Example 4.

BEST MODE FOR CARRYING OUT THE INVENTION

[0013] The embodiments of the present invention will
be described below.

<Microstructure>

[0014] As is well known, the R-T-B system rare earth
permanent magnet of the present invention at least
comprises a main phase consisting of an R,T4B phase
(wherein R represents one or more rare earth elements
(providing that the rare earth elements include Y), and
T represents one or more transition metal elements es-
sentially containing Fe, or Fe and Co), and a grain
boundary phase containing a higher amount of R than
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the main phase. The present invention is characterized
in that a product that is rich in Zr exists in the R,T4B
phase. The R-T-B system rare earth permanent magnet
containing this product enables to inhibit the grain
growth, while keeping a decrease in magnetic proper-
ties to a minimum, and to extend the suitable sintering
temperature range. This product needs to exist in the
R,T44B phase, but it is not required to exist in all the
R,T44B phases. This product may exist also in the grain
boundary phase. However, when the Zr rich product ex-
ists only in the grain boundary phase, the effects of the
present invention cannot be obtained.

[0015] In the R-T-B system rare earth permanent
magnet, Ti has conventionally been known as an addi-
tive element that forms the product in the R,T4B phase
(e.g., J. Appl. Phys. 69 (1991) 6055). The present in-
ventors have found that the formation of the product in
the R,T4B phase by addition of Zr or Ti is effective for
the extension of a suitable sintering temperature range.
In the case of adding Zr, although Zr is added in an
amount necessary to obtain such an effect as the exten-
sion of a suitable sintering temperature range, it causes
almost no decrease in magnetic properties, and more
specifically, almost no decrease in the residual magnetic
flux density (Br). On the other hand, in the case of adding
Ti, if this element is added in an amount necessary to
obtain such an effect as the extension of a suitable sin-
tering temperature range, the residual magnetic flux
density (Br) is significantly decreased, and thus, it is
clear that the addition of Ti is not practically preferable.
As stated above, when the composition of the product
is rich in Zr, it makes possible to consistently produce
permanent magnets with high magnetic properties in a
wide suitable sintering temperature range.

[0016] The present inventors have confirmed that in
order to allow the product that is rich in Zr to exist in the
R,T44B phase, there are several requirements on the
manufacturing method. The procedure of the manufac-
turing method of the permanent magnet of the present
invention will be described later. The requirements to al-
low the Zr rich product to exist in the R,T44B phase will
be explained below.

[0017] There are two methods for manufacturing an
R-T-B system rare earth permanent magnet: a method
of using as a starting alloy a single alloy having a desired
composition (hereinafter referred to as a single method),
and a method of using as starting alloys a plurality of
alloys having different compositions (hereinafter re-
ferred to as a mixing method). In the mixing method, al-
loys containing an R,T,4B phase as a main constituent
(low R alloys) and alloys containing a higher amount of
R than the low R alloys (high R alloys) are typically used,
as starting alloys.

[0018] The present inventors added Zr to either the
low R alloys or the high R alloys, so as to obtain an R-T-B
system rare earth permanent magnet. As a result, the
present inventors confirmed that when Zr is added to
the low R alloys in order to produce a permanent mag-
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net, the product that is rich in Zr exists in the R,T4B
phase. The present inventors also confirmed that when
Zr is added to the high R alloys, the Zr rich product does
not exist in the R,T4B phase.

[0019] Moreover, even in the case where Zr is added
to the low R alloys, if the Zr rich product existed in the
R,T4B phase in the low R alloy stage, it was not con-
firmed that the Zrrich product exists in the R,T4B phase
after a sintering process, although it existed in an R rich
phase (grain boundary phase) located at a triple point
in the microstructure of the sintered bodies. Accordingly,
in order to allow the Zr rich product to exist in the R, T,,B
phase of the R-T-B system rare earth permanent mag-
net, it is important not to allow the Zr rich product to exist
in the R,T4B phase in the mother alloy stage.

[0020] On that account, a method for manufacturing
mother alloys should be considered. When the low R
alloys are manufactured by the strip casting method, the
peripheral velocity of a chill roll needs to be controlled.
When the peripheral velocity of a chill roll is low, it results
in the deposition of a-Fe, and the Zr rich product is gen-
erated in the R,T4B phase of the low R alloys. As a
result of studies of the present inventors, it was found
that when the peripheral velocity of a chill roll is within
the range between 1.0 and 1.8 m/s, low R alloys in which
the Zr rich product do not exist in the R,T14B phase can
be obtained. Using the obtained low R alloys, a perma-
nent magnet with high magnetic properties can be ob-
tained.

[0021] Furthermore, even in the case of obtaining low
R alloys in which the Zr rich product does not exist in
the R,T44B phase, it is not desired in the present inven-
tion that the obtained low R alloys are subjected to a
heat treatment and then used as mother alloys. This is
because the Zr rich product is generated in the R,T4B
phase of the low R alloys as a result of undergoing a
heat treatment in a temperature area (approximately
700°C or higher) where the microstructure of the low R
alloys may be modified.

<Chemical composition>

[0022] Next, a desired composition of the R-T-B sys-
tem rare earth permanent magnet of the present inven-
tion will be explained. The term chemical composition is
used herein to mean a chemical composition obtained
after sintering.

[0023] The rare earth permanent magnet of the
present invention contains 25% to 35% by weight of R.
[0024] Theterm R is used herein to mean one or more
rare earth elements selected from a group consisting of
La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, Lu and
Y. If the amount of R is less than 25% by weight, an
R,T14B4 phase as a main phase of the rare earth per-
manent magnet is not sufficiently generated. According-
ly, o-Fe or the like having soft magnetism is deposited
and the coercive force significantly decreases. On the
other hand, if the amount of R exceeds 35% by weight,
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the volume ratio of the R,T,4B phase as a main phase
decreases, and the residual magnetic flux density de-
creases. Moreover, if the amount of R exceeds 35% by
weight, R reacts with oxygen, and the content of oxygen
thereby increases. In accordance with the increase of
the oxygen content, an R rich phase effective for the
generation of coercive force decreases, resulting in a
reduction in the coercive force. Therefore, the amount
of R is set between 25% and 35% by weight. The
amount of R is preferably between 28% and 33% by
weight, and more preferably between 29% and 32% by
weight.

[0025] Since Nd is abundant as a source and relative-
ly inexpensive, it is preferable to use Nd as a main com-
ponent of R. Moreover, since the containment of Dy in-
creases an anisotropic magnetic field, it is effective to
contain Dy to improve the coercive force. Accordingly,
it is desired to select Nd and Dy for R and to set the total
amount of Nd and Dy between 25% and 33% by weight.
In addition, in the above range, the amount of Dy is pref-
erably between 0.1% and 8% by weight. It is desired
that the amount of Dy is arbitrarily determined within the
above range, depending on which is more important, a
residual magnetic flux density or a coercive force. This
is to say, when a high residual magnetic flux density is
required to be obtained, the amount of Dy is preferably
set between 0.1% and 3.5% by weight. When a high co-
ercive force is required to be obtained, it is preferably
set between 3.5% and 8% by weight.

[0026] Moreover, the rare earth permanent magnet of
the present invention contains 0.5% to 4.5% by weight
of boron (B). If the amount of B is less than 0.5% by
weight, a high coercive force cannot be obtained. How-
ever, if the amount of B exceeds 4.5% by weight, the
residual magnetic flux density is likely to decrease. Ac-
cordingly, the upper limit is set at 4.5% by weight. The
amount of B is preferably between 0.5% and 1.5% by
weight, and more preferably between 0.8% and 1.2%
by weight.

[0027] The R-T-B system rare earth permanent mag-
net of the present invention may contain Al and/or Cu
within the range between 0.02% and 0.6% by weight.
The containment of Al and/or Cu within the above range
can impart a high coercive force, a strong corrosion re-
sistance, and an improved temperature stability of mag-
netic properties to the obtained permanent magnet.
When Al is added, the additive amount of Al is preferably
between 0.03% and 0.3% by weight, and more prefer-
ably between 0.05% and 0.25% by weight. When Cu is
added, the additive amount of Cu is 0.3% or less by
weight (excluding 0), preferably 0.15% or less by weight
(excluding 0), and more preferably between 0.03% and
0.08% by weight.

[0028] In order to allow the Zr rich product to exist in
the R,T4B phase, the R-T-B system rare earth perma-
nent magnet of the present invention preferably con-
tains Zr within the range between 0.03% and 0.25% by
weight. When the content of oxygen is reduced to im-
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prove the magnetic properties of the R-T-B system rare
earth permanent magnet, Zr exerts the effect of inhibit-
ing the abnormal grain growth in a sintering process and
thereby makes the microstructure of the sintered body
uniform and fine. Accordingly, when the amount of oxy-
gen is low, Zr fully exerts its effect. The amount of Zr is
preferably between 0.05% and 0.2% by weight, and
more preferably between 0.1% and 0.15% by weight.
[0029] The R-T-B system rare earth permanent mag-
net of the present invention contains 2, 000 ppm or less
oxygen. If it contains a large amount of oxygen, an oxide
phase that is a non-magnetic component increases,
thereby decreasing magnetic properties. Thus, in the
present invention, the amount of oxygen contained in a
sintered body is set at 2,000 ppm or less, preferably
1,500 ppm or less, and more preferably 1,000 ppm or
less. However, when the amount of oxygen is simply de-
creased, an oxide phase having a grain growth inhibiting
effect decreases, so that the grain growth easily occures
in a process of obtaining full density increase during sin-
tering. Thus, in the present invention, the R-T-B system
rare earth permanent magnet to contains a certain
amount of Zr, which exerts the effect of inhibiting the ab-
normal grain growth in a sintering process.

[0030] The R-T-B system rare earth permanent mag-
net of the present invention contains Co in an amount
of 4% or less by weight (excluding 0), preferably be-
tween 0.1% and 2.0% by weight, and more preferably
between 0.3% and 1.0% by weight. Co forms a phase
similar to that of Fe. Co has an effect to improve Curie
temperature and the corrosion resistance of a grain
boundary phase.

<Manufacturing method>

[0031] Next, desired embodiments of the method for
manufacturing an R-T-B system permanent magnet of
the present invention will be explained.

[0032] Inthe presentinvention, the R-T-B system per-
manent magnet is manufactured by using alloys (low R
alloys) containing an R,T 4B phase as a main constitu-
ent and other alloys (high R alloys) containing a higher
amount of R than the low R alloys.

[0033] Raw material is first subjected to strip casting
in a vacuum or an inert gas atmosphere, or preferably
an Ar atmosphere, so that low R alloys and high R alloys
are obtained. As stated above, it is necessary to give
special consideration to the obtained strips, especially
to the strips of the low R alloys, so that a Zr rich product
is not generated in the R,T4B phase. More specifically,
the peripheral velocity of a chill roll is set within the range
between 1.0 and 1.8 m/s. The preferred peripheral ve-
locity of a chill roll is between 1.2 and 1.5 m/s.

[0034] It is important for the present invention not to
allow a Zr rich product to generate in an R,T,4B phase
during the period from the achievement of low R alloys
having the R,T4B phase in which the present Zr rich
product does not exist until a sintering process de-
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scribed later. In other words, it is important for the
present invention to maintain the form of the above
R,T44B phase. For example, it is preferable not to carry
out a heat treatment, in which the low R alloys are heat-
ed to 700°C or higher and retained, before crushing
processes that begin with hydrogen crushing. This point
will be further described in Embodiment Example 1 de-
scribed later.

[0035] The feature of the present embodiment is that
Zr is added to low R alloys. As explained above in the
column <Microstructure>, the reason is that the Zr rich
product can be allowed to exist in the R,T4B phase of
the R-T-B system rare earth permanent magnet by add-
ing Zr to low R alloys containing no Zr rich products in
an R,T4B phase thereof. The low R alloys can contain
Cu and Al, in addition to rare earth elements, Fe, Co and
B. Moreover, the high R alloys can also contain Cu and
Al, in addition to rare earth element, Fe, Co and B. More-
over, the high R alloys can also contain Cu and Al, in
addition to rare earth elements, Fe and Co. Further, the
high R alloys can contain B.

[0036] After preparing the low R alloys and the high
R alloys, these master alloys are crushed separately or
together. The crushing step comprises a crushing proc-
ess and a pulverizing process. First, each of the master
alloys is crushed to a particle size of approximately sev-
eral hundreds of um. The crushing is preferably carried
outin an inert gas atmosphere, using a stamp mill, a jaw
crusher, a brown mill, etc. In order to improve rough
crushability, it is effective to carry out crushing after the
absorption of hydrogen. Otherwise, it is also possible to
release hydrogen after absorbing it and then carry out
crushing.

[0037] After carrying out the crushing, the routine pro-
ceeds to a pulverizing process. In the pulverizing proc-
ess, a jet mill is mainly used, and crushed powders with
a particle size of approximately several hundreds of um
are pulverized to a mean particle size between 3 and 5
um. The jet mill is a method comprising releasing a high-
pressure inert gas (e.g., nitrogen gas) from a narrow
nozzle so as to generate a high-speed gas flow, accel-
erating the crushed powders with the high-speed gas
flow, and making crushed powders hit against each oth-
er, the target, or the wall of the container, so as to pul-
verize the powders.

[0038] When the low R alloys and the high R alloys
are pulverized separately in the pulverizing process, the
pulverized low R alloy powders are mixed with the pul-
verized high R alloy powders in a nitrogen atmosphere.
The mixing ratio of the low R alloy powders and the high
R alloy powders may be approximately between 80 : 20
and 97 : 3 at a weight ratio. Likely, in a case where the
low R alloys are pulverized together with the high R al-
loys, the mixing ratio may be approximately between
80 : 20 and 97 : 3 at a weight ratio. When approximately
0.01% to 0.3% by weight of additive agents such as zinc
stearate is added during the pulverizing process, fine
powders which are well oriented, can be obtained during
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compacting.

[0039] Subsequently, mixed powders comprising of
the low R alloy powders and the high R alloy powders
are filled in a tooling equipped with electromagnets, and
they are compacted in a magnet field, in a state where
their crystallographic axis is oriented by applying a mag-
netic field. This compacting may be carried out by ap-
plying a pressure of approximately 0.7 to 1.5 t/cmZ2 in a
magnetic field of 12.0 to 17.0 kOe.

[0040] After the mixed powders are compacted in the
magnetic field, the compacted body is sintered in a vac-
uum or an inert gas atmosphere. The sintering temper-
ature needs to be adjusted depending on various con-
ditions such as a composition, a crushing method, the
difference between particle size and particle size distri-
bution, but the sintering may be carried out at 1,000°C
to 1,100°C for about 1 to 5 hours. In the present inven-
tion, the Zr rich product is generated in the R,T4B
phase in this sintering process. The mechanism of gen-
erating after sintering the Zr rich product that did not ex-
ist in the low R alloy stage is unknown, but there is a
possibility that Zr dissolved in the R,T4B phase in the
low R alloy stage might be deposited therein during the
sintering process.

[0041] After completion of the sintering, the obtained
sintered body may be subjected to an aging treatment.
The aging treatment is important for the control of a co-
ercive force. When the aging treatment is carried out in
two steps, it is effective to retain the sintered body for a
certain time at around 800°C and around 600°C. When
a heat treatment is carried out at around 800°C after
completion of the sintering, the coercive force increas-
es. Accordingly, it is particularly effective in the mixing
method. Moreover, when a heat treatment is carried out
at around 600°C, the coercive force significantly in-
creases. Accordingly, when the aging treatment is car-
ried out in a single step, it is appropriate to carry out it
at around 600°C.

(EMBODIMENT EXAMPLES)
<Embodiment Example 1>

[0042] An R-T-B system rare earth permanent mag-
net was manufactured by the following manufacturing
process.

(1) Mother alloys

[0043] Mother alloys (strips) having compositions and
thicknesses shown in FIG. 1 were prepared by the strip
casting method. The roll peripheral velocity of low R al-
loys was set to 1.5 m/s, and that of high R alloys was
setto 0.6 m/s. The thickness of alloys was a mean value
obtained by measuring the thicknesses of 50 strips.
However, the roll peripheral velocity of the low R alloys
in Comparative Example 3 shown in FIG. 1 was set to
0.6 m/s. It was confirmed that a Zr rich product (herein-
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after referred to as an intraphase product) was not ob-
served in the R,T4B phase of the low R alloys of Ex-
ample 1 as shownin FIG. 1, but that the intraphase prod-
uct existed in the R,T4B phase of the low R alloys of
Comparative Example 3 as shown in the same figure.

(2) Hydrogen crushing process

[0044] A hydrogen crushing treatment was carried
out, in which after hydrogen was absorbed at room tem-
perature, dehydrogenation was carried out thereon at
600°C for 1 hour in an Ar atmosphere.

[0045] To control the amount of oxygen contained in
a sintered body to 2,000 ppm or less, so as to obtain
high magnetic properties, in the present experiments,
the atmosphere was controlled at an oxygen concentra-
tion less than 100 ppm throughout processes, from a
hydrogen treatment (recovery after a crushing process)
to sintering (input into a sintering furnace).

(3) Mixing and crushing processes

[0046] Generally, two-step crushing is carried out,
which includes crushing process and pulverizing proc-
ess. However, the crushing process was omitted in the
present Examples.

[0047] Additive agents are mixed to the mother alloys
before carrying out the pulverizing process. The types
of additive agents are not particularly limited, and those
contributing to the improvement of crushability and the
improvement of orientation during compacting may be
appropriately added. In the present Embodiment Exam-
ple, 0.05% by weight of zinc stearate was added. There-
after, using a Nauta Mixer, the low R alloys were mixed
with the high R alloys for 30 minutes in the combination
of each of Example 1 and Comparative Examples 1 to
3 as shown in FIG. 1. In all of Example 1 and Compar-
ative Examples 1 to 3, the mixing ratio between the low
R alloys and the high R alloys was 90 : 10.

[0048] Thereafter, the mixture was subjected to the
pulverizing with a jet mill to a mean particle size of 4.8
to 5.1 um.

(4) Compacting process

[0049] The obtained fine powders were compacted in
a magnetic field of 15.0 kOe by applying a pressure of
1.2 t/em2, so as to obtain a compacted body.

(5) Sintering and aging processes

[0050] The obtained compacted body was sintered at
1,070°C for 4 hours in a vacuum atmosphere, followed
by quenching. Thereafter, the obtained sintered body
was subjected to a two-step aging treatment consisting
of treatments of 800°C X 1 hour and 550°C X 2.5 hours
(both in an Ar atmosphere).

[0051] The magnetic properties of the obtained per-
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manent magnets were measured with a B-H tracer. The
results are shown in FIGS. 2 to 5. In FIGS. 2 to 5, Br
represents a residual magnetic flux density, HcJ repre-
sents a coercive force, and "Hk/HcJ" means a square-
ness. The squareness (Hk/HcJ) is an index of magnet
performance, and it represents an angular degree in the
second quadrant of a magnetic hysteresis loop. Further-
more, Hk means an external magnetic field strength ob-
tained when the magnetic flux density becomes 90% of
the residual magnetic flux density in the second quad-
rant of a magnetic hysteresis loop. In FIGS. 2 to 5, a
permanent magnet in which an intraphase product was
observed is marked with a circle (O), and a permanent
magnet in which the product was not observed is
marked with a cross (X). The presence or absence of
an intraphase product was confirmed based on obser-
vation with TEM (Transmission Electron Microscope,
JEM-3010 manufactured by Japan Electron Optics Lab-
oratory Co., Ltd). The sample for the observation was
obtained by the ion-milling method, and the C plane of
the R,T4B phase was observed. It is noted that the
chemical compositions of the obtained sintered body
are shown in the column "Composition of sintered body"
in FIG. 1. Further, no intraphase products were ob-
served in Comparative Example 3, but the Zr rich prod-
uct was observed in a grain boundary phase thereof.
[0052] From FIGS. 2 and 5, it is found that in R-T-B
system rare earth permanent magnets in which an in-
traphase product was observed (Example 1 and Com-
parative Example 1), the abnormal grain growth was in-
hibited and the squareness (Hk/HcJ) was improved by
adding only a small amount of additive element M (Zr or
Ti). However, in a case where Ti was selected as an ad-
ditive element M as shown in FIG. 3, the residual mag-
netic flux density (Br) was significantly decreased.
Moreover, even in the case of R-T-B system rare earth
permanent magnets in which no intraphase products
were observed (Comparative Examples 2 and 3), the
squareness (Hk/HcJ) was improved by adding as a
large amount of Zr as 0.2% by weight (refer to FIG. 5).
However, a decrease in the residual magnetic flux den-
sity (Br) was still significant (refer to FIG. 3). As de-
scribed above, an R-T-B system rare earth permanent
magnet in which the presence of an intraphase product
is observed enables to obtain a high squareness (Hk/
HcJ), while inhibiting a decrease in the residual magnet-
ic flux density (Br).

[0053] With regard to Comparative Example 3 in
which an intraphase product was observed in the
R,T44B phase in the stage of low R alloys, the reason
why no intraphase products exist in the R-T-B system
rare earth permanent magnet is assumed as follows. A
Zr rich product generated in the R,T4B phase (intrap-
hase product) in the stage of low R alloys has been
grown to be extremely large. Itis assumed that although
this product is subjected to the hydrogen crushing proc-
ess, it does not lead to volume expansion. It is therefore
understood that a crack is generated on the interface
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between the R,T4B phase and the product during the
hydrogen crushing process. When the alloys are sub-
jected to a crushing process in this state, the product is
separated from the R,T14B phase. As a result, the prod-
uct is not contained in the R,T4B phase, but it exists
independently from the R,T4B phase. Accordingly, it is
considered that in the R-T-B system rare earth perma-
nent magnet of Comparative Example 3, the Zr rich
product exists only in the grain boundary phase even
after the sintering process.

[0054] An R-T-B system rare earth permanent mag-
net containing 0.10% by weight of Zr in Example 1 was
observed by TEM in the same manner as described
above. The observation results are shown in FIGS. 6 to
8. FIG. 6 is a TEM photograph of a sample containing
0.10% by weight of Zr. FIG. 7 is a set of EDS (Energy
Dispersive X-ray Fluorescence Spectrometer) profiles
of a product existing in the sample and the R,T4B
phase of the sample. FIG. 8 is a high resolution TEM
photograph of the sample.

[0055] AsshowninFIG.6, anintraphase product with
a large axis ratio can be observed in the R,T,4B phase.
This product has a platy or acicular form. FIG. 6 is a
photograph obtained by observing the cross section of
the sample, and it is therefore difficult to determine from
such observation whether the form is platy or acicular.
Considering the results from the observation of other
samples and FIG. 8, the intraphase product has a length
of several hundreds nm and a width between several
nm and 15 nm. The detailed chemical composition of
this intraphase product is uncertain, but from FIG. 7A, it
can be confirmed that the intraphase product is at least
rich in Zr. Moreover, as a result of observation of other
samples, other than the intraphase product with a large
axis ratio, indefinite or round shape intraphase products
can also be observed, as shown in FIGS. 9 and 10. As
a result of observing 20 crystal grains (R,T4B phase)
of Example 1, intraphase products were observed in 6
crystal grains thereof. In contrast, in Comparative Ex-
ample 2, no intraphase products were observed in any
of 20 crystal grains (R,T4B phase).

[0056] The lower image of FIG. 11A shows the Zr
mapping results of a sample containing 0.10% by weight
of Zr of Example 1 by EPMA (Electron Probe Micro An-
alyzer). The upper image of FIG. 11A shows a compo-
sition image in the same scope as the Zr mapping re-
sults shown in the lower image of FIG. 11A. Moreover,
the lower image of FIG. 11B shows the Zr mapping re-
sults of a sample containing 0.10% by weight of Zr of
Comparative Example 2 by EPMA. The upper image of
FIG. 11B shows a composition image in the same scope
as the Zr mapping results shown in the lower image of
FIG. 11B.

[0057] As with the results obtained by the observation
by TEM, itis found from FIG. 11A that an R,T,4B phase
that is rich in Zr is present in the permanent magnet of
Example 1, and that Zr exists also in a grain boundary
phase thereof. In contrast, it is found from FIG. 11B that
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such a Zr rich R,T4B phase is not observed in the per-
manent magnet of Comparative Example 2, and that Zr
exists only in a grain boundary phase thereof.

<Embodiment Example 2>

[0058] R-T-B system rare earth permanent magnets
were obtained in the same manner as in Embodiment
Example 1 with the exception that samples each con-
taining 0.10% by weight of additive element M (Zr or Ti)
of the composition of the sintered body were sintered
for 4 hours within the temperature range between
1,010°C and 1,090°C. The magnetic properties of the
obtained permanent magnets were measured in the
same manner as in Embodiment Example 1. The results
are shown in FIG. 12. In addition, changes in the mag-
netic properties by changes in the sintering temperature
are shown in FIGS. 13 to 15. Moreover, the magnetic
properties at each sintering temperature plotted as a
squareness (Hk/HcJ) to a residual magnetic flux density
(Br) are shown in FIG. 16.

[0059] As shown in FIGS. 12 to 16, it is found that
when an intraphase product is obtained by adding Zr as
an additive element M, high magnetic properties are sta-
bly obtained in a wide sintering temperature range. More
specifically, in Example 2 of the present invention, a re-
sidual magnetic flux density (Br) of 13.9 kG or greater,
a coercive force (Hcd) of 13.0 kOe or greater, and a
squareness (Hk/HcJ) of 95% or more can be obtained
in the sintering temperature range between 1,030°C
and 1,090°C. If Ti is added as an additive element M,
the residual magnetic flux density (Br) decreases (Com-
parative Example 4). Moreover, when no intraphase
products exist, the squareness (Hk/HcJ) is poor, and the
suitable sintering temperature range is narrow (Com-
parative Example 5).

<Embodiment Example 3>

[0060] Setting a roll peripheral velocity to 0.6 to 1.8
m/s, 4 types of low R alloys and 2 types of high R alloys
having the compositions and thicknesses as shown in
FIG. 17 were prepared by the strip casting method.
Thereafter, 4 types of R-T-B system rare earth perma-
nent magnets with the combinations as shown in FIG.
17 were obtained. In all of samples A to D, the mixing
ratio between the low R alloys and the high R alloys was
90:10. The low R alloys and the high R alloys as shown
in FIG. 17 were subjected to hydrogen crushing in the
same manner as in Embodiment Example 1. After com-
pletion of the hydrogen crushing process, 0.05% by
weight of butyl oleate was added thereto. Thereafter, us-
ing a Nauta mixer, the low R alloys were mixed with the
high R alloys for 30 minutes in the combinations as
shown in FIG. 17. Thereafter, the mixture was subjected
to the pulverizing with a jet mill to a mean particle size
of 4.1 um. The obtained fine powders were compacted
in a magnetic field under the same conditions as in Em-
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bodiment Example 1, followed by sintering at 1,010°C
to 1,090°C for 4 hours. Thereafter, the obtained sintered
body was subjected to a two-step aging treatment con-
sisting of treatments of 800°C X 1 hour and 550°C X
2.5 hours. The composition, the amount of oxygen, and
the amount of nitrogen of each of the obtained sintered
bodies are shown in FIG. 17. In addition, magnetic prop-
erties thereof are shown in FIG. 18.

[0061] As shown in FIG. 18, sample A has a residual
magnetic flux density (Br) of 14.0 kG or greater, a coer-
cive force (HcJ) of 13.0 kOe or greater, and a square-
ness (Hk/HcJ) of 95% or more in the sintering temper-
ature range between 1,030°C and 1,070°C.

[0062] Samples B and C, both of which contain a low-
er amount of Nd than sample A, have a residual mag-
netic flux density (Br) of 14.0 kG or greater, a coercive
force (HcJ) of 13.5 kOe or greater, and a squareness
(Hk/HcJ) of 95% or more in the sintering temperature
range between 1,030°C and 1,090°C.

[0063] Sample D containing a higher amount of Dy
than sample Ahas a residual magnetic flux density (Br)
of 13.5 kG or greater, a coercive force (Hcd) of 15.5 kOe
or greater, and a squareness (Hk/HcJ) of 95% or more
in the sintering temperature range between 1,030°C
and 1,070°C.

[0064] As a result of the observation of the samples
sintered at 1,050°C by TEM, intraphase products were
observed in all the samples.

[0065] From the above results, it can be said that
when an intraphase product exists, high magnetic prop-
erties can be consistently obtained in a wide suitable
sintering temperature range of 40°C or more.

<Embodiment Example 4>

[0066] 2 types of low R alloys and 2 types of high R
alloys were prepared by the strip casting method. There-
after, 2 types of R-T-B system rare earth permanent
magnets with the combinations as shown in FIG. 19
were obtained. In sample E, the mixing ratio between
the low R alloys and the high R alloys was 90 : 10. On
the other hand, in sample F, the mixing ratio between
the low R alloys and the high R alloys was 80 : 20. The
low R alloys and the high R alloys as shown in FIG. 19
were subjected to hydrogen crushing in the same man-
ner as in Embodiment Example 1. After completion of
the hydrogen crushing process, 0.05% by weight of
butyl oleate was added thereto. Thereafter, using a Nau-
ta mixer, the low R alloys were mixed with the high R
alloys for 30 minutes in the combinations as shown in
FIG. 19. Thereafter, the mixture was subjected to the
pulverizing with a jet mill to a mean particle size of 4.0
um. The obtained fine powders were compacted in a
magnetic field under the same conditions as in Embod-
iment Example 1. Thereafter, in the case of sample E,
the compacted body was sintered at 1,070°C for 4
hours, and in the case of sample F, it was sintered at
1,020°C for 4 hours. Thereafter, the obtained sintered

10

15

20

25

30

35

40

45

50

55

bodies of both samples E and F were subjected to a two-
step aging treatment consisting of treatments of 800°C
X 1 hour and 550°C X 2.5 hours. The composition, the
amount of oxygen, and the amount of nitrogen of each
of the obtained sintered bodies are shown in FIG.19. In
addition, magnetic properties thereof are shown in FIG.
20. For convenience of comparison, the magnetic prop-
erties of samples A to D prepared in Embodiment Ex-
ample 3 are also shown in FIG. 20.

[0067] Although the constitutional elements were fluc-
tuated as shown in samples A to F, a residual magnetic
flux density (Br) of 13.8 kG or greater, a coercive force
(HcJ) of 13.0 kOe or greater, and a squareness (Hk/HcJ)
of 95% or more were obtained.

INDUSTRIAL APPLICABILITY

[0068] As described in detail above, in a sintering
process, a Zr rich product is allowed to exist in an
R,T,4B phase, so that the grain growth can be inhibited,
while keeping a decrease in magnetic properties to a
minimum. Moreover, according to the present invention,
since a suitable sintering temperature range of 40°C or
more can be kept, even using a large sintering furnace
that is usually likely to cause unevenness in heating
temperature, an R-T-B system rare earth permanent
magnet consistently having high magnetic properties
can be easily obtained.

Claims

1. A method for manufacturing an R-T-B system rare
earth permanent magnet comprising a sintered
body comprising a main phase consisting of an
R,T14B phase (wherein R represents one or more
rare earth elements (providing that the rare earth
elements include Y), and T represents one or more
transition metal elements essentially containing Fe,
or Fe and Co), and a grain boundary phase contain-
ing a higher amount of R than said main phase,

wherein a product that is rich in Zr exists in
said R,T4B phase,

said manufacturing method comprising the
steps of:

preparing an R-T-B alloy containing as a main
component said R,T,4B phase and also con-
taining Zr, and an R-T alloy containing Rand T
as main components, wherein the amount of R
is higher than that of said R-T-B alloy;
obtaining a mixture of said R-T-B alloy powder
and said R-T alloy powder;

preparing a compacted body with a certain form
from said mixture; and

sintering said compacted body,

wherein, in said sintering step, said product is
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generated in said R,T,4B phase.

A method for manufacturing an R-T-B system rare
earth permanent magnet according to claim 1,
wherein said product is platy or acicular.

A method for manufacturing an R-T-B system rare
earth permanent magnet according to claim 1,
wherein said R-T-B alloy that does not contain said
product is prepared, and then the steps up to said
sintering step of sintering said compacted body are
carried out, while avoiding the generation of said
product.

A method for manufacturing an R-T-B system rare
earth permanent magnet according to claim 1,
wherein said R-T-B alloy is prepared by the strip
casting method under the condition that the periph-
eral velocity of a chill roll is 1.0 to 1.8 m/s.

A method for manufacturing an R-T-B system rare
earth permanent magnet according to claim 1,
wherein said sintered body has a composition con-
sisting essentially of 25% to 35% by weight of R
(wherein R represents one or more rare earth ele-
ments (providing that the rare earth elements in-
clude Y), 0.5% to 4.5% by weight of B, 0.02% to
0.6% by weight of Al and/or Cu, 0.03% to 0.25% by
weight of Zr, 4% or less by weight (excluding 0) of
Co, and the balance substantially being Fe.

A method for manufacturing an R-T-B system rare
earth permanent magnet according to claim 1,
wherein the amount of oxygen contained in said sin-
tered body is 2, 000 ppm or less.
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FIG. 18
SINTERING | 5. | Hoy |Hk/Hed
TEMPF%?TURE 6] | eoel | ol
1010 14.05 11.13 88.6
1030 14.06 14.61 95.0
SAMPLE A 1050 1414 14.61 970
1070 1414 13.45 95.2
1090 14.22 426 440
1010 14.03 11.85 88.0
1030 14.10 14.67 95.6
SAMPLE B 1050 14.13 14.71 96.4
1070 14.15 14.35 975
1090 14.08 13.52 96.0
1010 13.98 12.81 87.3
1030 1407 | 1467 | 953
SAMPLE C 1050 14.08 14.72 96.1
1070 14.08 14.70 98.2
1090 14.08 14.61 97.9
1010 13.90 | 14.31 95.6
1030 13.90 16.07 97.8
SAMPLE D 1050 13.90 16.18 979
1070 13.91 16.22 978
1090 13.92 15.83 721
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FIG. 20
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Hk./HcJ

Br Hcd

[kG] [kOe] [%]
SAMPLE E | 14.62 13.10 98.0
SAMPLE F | 13.88 15.30 96.0
SAMPLE A | 1414 13.45 95.2
SAMPLE B | 14.15 14.35 97.5
SAMPLE C | 14.08 14.70 98.2
SAMPLE D | 13.91 16.22 97.8
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