
POWDERS FOR RARE EARTH MAGNETS, RARE EARTH MAGNETS AND
METHODS FOR MANUFACTURING THE SAME TECHNICAL FIELD
[0001] The present invention relates to powders for
rare earth- iron-boron-metal (R-Fe-B-M) permanent
magnets and to methods of producing the powders and
the magnets . BACKGROUND [0002] Permanent rare earth-
iron-boron-metal (R-Fe-B-M) magnets are generally
produced by powder metallurgical methods. Firstly, an
ingot is produced by a casting method. The ingot may
be produced by casting the molten alloy into a mold,
where it cools comparatively slowly. Alternatively,
the ingot may be produced by a rapid solidification
method such as strip casting. The solidified ingot is
typically given an annealing heat treatment to
homogenise the composition. [0003] The ingot may then
be given a hydrogenation treatment which is typically
used to coarsely pulverise the solidified ingot due to
the effects of hydrogen embrittlement of phases within
the alloy. The ingot, or resulting coarsely pulverised
material, is then further pulverised to produce a
powder . [0004] A magnet is produced from the powder
by powder metallurgy. The powder is compacted in a
magnetic field to form a textured green body which is
then given a sintering 



heat treatment in order to produce a permanent magnet
. [0005] It is known that the magnetic properties, in
particular the coercive force and the squareness of
the J(H) curve, as well as the corrosion resistance
and thetemperature stability of the sintered magnet
depend on the grain size as well as on the composition
of the magnet. The composition and grain size of the
sintered magnet are, in turn, dependent on the
particle size and composition of the powder. R-Fe-B-M
powders are, however, rather difficult to manufacture
in large quantities and, consequently, the powders and
the magnets produced using them are relatively
expensive . [0006] It is, therefore, desired to
produce high-quality rare earth iron boron (R-Fe-B-M)
sintered magnets more cost effectively so as to
promote all kinds of applications in which they can be
used. It is also desired to improve the corrosion
stability and the temperature stability of such
magnets . SUMMARY [0007] The invention seeks to
provide (R-Fe-B-M) powder and (R-Fe-B-M) sintered
magnets which have high quality magnetic properties,
an improved temperature and corrosion stability and
which can be more cost-effectively produced. [0008]
The invention also seeks to provide cost-effective
methods of manufacturing (R-Fe-B-M) powder and
permanent (RFe- 



B-M) sintered magnets. [0 009] The invention provides
a powder for use in a R-Fe- M-B type permanent magnet
and a R-Fe-M-B type permanent magnet consisting
essentially by weight, of 28.00  R 32.00%, where R is
at least one rare earth element including Y and the
sum of Dy + Tb > 0.5, 0.50  B  2.00%, 0.50  Co  3.50%,
0.050  M  0.5%, where M is one or more of theelements
Ga, Cu and Al, 0.25 wt%< O  0.5wt%, 0.15% or less of C
, balance Fe. [0010] The powder comprises an oxygen
content of 0.25 wt%< 0 0.5wt%. Although, in principle,
an increased oxygen content is undesirable as the
fraction of the hard magnetic phase and the remnance
of the magnet is reduced, an oxygen content in this
range has been found to provide an improved powder for
use in R-Fe-M-B type permanent magnets and an
improvement in the properties of the magnets. [0011]
Magnets produced from a powder having a very low
oxygen content, in this context a very low oxygen
content is used to describe an oxygen content of less
than 0.25 wt%, easily get a coarse grain structure
which has two disadvantages. During the sintering
process, the particle size of the powder having an
oxygen content of less 0.25 wt% is observed to
increase, generally speaking, by a factor of around
three. Therefore, a powder with an average particle
size of 4 mm produces a magnet with an average grain
size of 



12 mm . However, as the grain size of the magnet
increases, the coercive field strength is reduced.
Therefore, the properties of the magnet are limited by
the particle size of the powder. This problem is
avoided by increasing the oxygen content of the powder
to provide a powder with an oxygen content in the
range 0.25 wt%< 0 0.5wt%. [0012] A further problem
which is observed in magnets with an oxygen content of
less than 0.25 wt% is the appearance of abnormal grain
growth. Abnormal grain growth is used to describe the
phenomenon in where a few grains grow faster and reach
a size of several hundred microns whereas the rest
ofthe magnet has a normal grain size of, for example
around 12 mm . Abnormal grain growth leads to a
deterioration of the squareness of the B-H loop.
[0013] It has been found that, by providing the powder
with an oxygen content in the range according to the
invention, the sintering activity is reduced.
Consequently, the average grain size in magnets
sintered from powder according to the invention is
approximately only double rather than treble the
average particle size of the powder. [0014] For
example, for a powder according to the invention which
has an oxygen content 0.25 wt%< 0  0.5wt% and , a
magnet produced from this powder with an average
particle size of 4 mm has an average grain size of
around B mm . This is in contrast to powders with an
oxygen content 



outside of the range according to the invention which
produce a magnet with an average grain size of 12 mm
from a powder with an average particle size of 4 mm .
Therefore, the coercive field strength of the magnet
fabricated from powder of a particular particle size
is increased as the grain size of the sintered magnet
is reduced. For the same reason, abnormal grain growth
is also reduced. [0015] If the oxygen content is
greater than 0.5 wt%, the remnance is more
significantly reduced and the advantage provided by
the increase in the coercive field strength is lost.
In a further embodiment, the oxygen content is 0.3 wt%
O  0.45 wt%. [0016] Powder for producing R-Fe-B-M
magnets having a composition according to the
invention also simplifies themanufacturing process.
Since the grain size of the sintered magnet is only
approximately double the particle size of the powder,
the pulverisation process can be simplified as a
magnet with a given grain size can be fabricated from
powder with a larger particle size. Consequently, the
pulverisation process may be simplified and the
process time to carry out the pulverisation is
reduced. The powder and magnets produced from the
powder can, therefore, be manufactured more
costeffectively. [0017] The use of gallium and copper
additions in the powder for use in fabricating
sintered R-Fe-B-M type magnets also provides
advantages. Gallium and copper form molten 



phases with Nd and Co/Fe at the sintering temperature
although they are not present in significant amounts
in the hard magnetic phase. [0018] Therefore, the
advantage of the molten phase sintering, which
produces a fast densif ication at relatively low
sintering temperatures, is retained. Since only minor
amounts of Ga and Cu can be dissolved in the
hardmagnetic R2Fe14B grains, rapid grain growth is
slowed down substantially. Therefore, the grain growth
by sintering is also reduced and, as previously
described, abnormal grain growth is avoided.
Therefore, the additions of gallium and/or copper also
influence the relationship between powder particle
size and the grain size of the sintered magnet and
further reduce the increase in grain size of a magnet
sintered from powder of a particular particle size.
[0019] In a further embodiment of the powder and
permanent magnet, R is one or more of the elements Nd,
Pr, Dy and Tb, 0.50% < Co < 1.5%, 0.05% < Ga < 0.25%
and 0.05% < Cu < 0.20%.[0020] The powder can have an
average particle size according to FSSS (Fischer
Sub-Sieve Size) in the range of around 4 mm to around
2.1 mm and contains no particles greater than around
20 mm . In an alternative embodiment, the powder has
an average particle size according to FSSS in the
range of around 2.5 mm to around 3 mm and contains no
particles greater than around 15 mm . This powder can
be used 



to fabricate magnets with good magnetic properties,
since, as previously described, the composition of the
powder with a composition according to the invention,
leads to a reduced grain size of the magnet produced
using the powder. [0021] The permanent sintered magnet
may have an average grain size of around 7.6 mm to
around 4.2 mm . This provides the magnet with magnetic
properties, in particular a J(H) curve and coercive
force which are suitable for a wide rang of
applications and provides a magnet with good corrosion
resistance. [0022] In an embodiment, a magnet has an
average grain size of around 7 .6 mm and in a HAST
corrosion test has a mass loss of less than lmg/cm 2
after 10 days. [0023] In an embodiment, a magnet has
an average grain size of around 4.2 mm and in a HAST
corrosion test has a mass loss of less than 0 .lmg/cm
2 after 10 days. [0024] In a further embodiment, a
magnet has an average grain size of around 4.2 mm and
in a HAST corrosion test has a mass loss of less than
lmg/cm 2 after 100 days.[0025] The invention also
relates to methods of producing powder for use in
R-Fe-B-M and to magnets fabricated from R - Fe-B-M
powders. [0026] In a method an alloy comprising by
weight, of 28.00  R  32.00%, where R is at least one
rare earth element including Y and the sum of Dy + Tb
> 0.5, 0.50  B 2.00%, 



0.50  Co  3.50%, 0.050  M  0.5%, where M is one or
more of the elements Ga, Cu and Al, 0.25 wt%< 0  0.5%,
0.15% or less of C , balance Fe is melted. The alloy
is then cast to form at least one ingot, wherein the
solidified ingot comprises finely dispersed a-Fe, and
R2FeI4B and R-rich constituents. The at least one
ingot is annealed at a temperature in the range of
approximately 8000C to approximately 12000C under an
inert atmosphere of Ar or under vacuum to form an
ingot which is free of the a-Fe phase. The at least
one ingot is treated in hydrogen gas in order to
hydrogenate the R-rich constituents. The at least one
ingot is then coarsely pulverised and a fine
pulverisation of the coarsely pulverised powder is
performed in an atmosphere comprising oxygen,
oxidizing the powder. The finely pulverised powder
comprises an oxygen content of 0.25 wt%< O  0.5 wt%.
[0027] It has been found that the ingots may be more
easily pulverised and that powder having a smaller
particle size distribution can be produced using the
method according to the invention. The casting
conditions and homogenisation conditions o f the
invention produce an ingot or ingots which are
essentially free of the a-Fe phase. This has been
found to lead to a more reliable pulverisation of the
ingots.[0028] It has also been found that the
introduction of oxygen during the fine pulverisation
process hast he 



advantage that an oxide coating is formed on the
outside of the pulverised powder particles. This
improves distribution of the oxygen and the stability
of the powder. [0029] The alloy casting conditions and
hydrogenation treatment of the invention also simplify
the pulverisation process as the rare earth rich
phases, formed during the casting process, are more
easily and reliably hydrogenated . The hydrogenation
conditions lead to a more uniform hydrogenation of the
rare earth rich phases and to an improved cracking of
the ingots. It is also possible to eliminate a coarse
crushing step if sufficient cracking is achieved by
the hydrogenation treatment. [0030] In a further
embodiment an alloy is melted in which R is one or
more of the elements Nd, Pr, Dy and Tb, 0.50% < Co <
1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%.
[0031] In an embodiment, the said ingot has smallest
dimensions in the range of 5 mm to 30 mm. [0032] In an
embodiment, the powder has an average particle size
(FSSS) in the range of around 4 mm to around 2 .1 mm
and contains no particles greater than around 20 mm .
[0033] In an embodiment, the at least one ingot has
dimensions in the range of 15 mm to 25 mm and said
powder after said fine pulverisation has an average
particle size (FSSS) in the range of around 4 mm to
around 2.1 mm and 



contains no particles greater than around 20 mm
.[0034] In an embodiment, the hydrogenat ing is
performed at a temperature between around 45O 0C and
600 0C . [0035] In an embodiment, the hydrogenating is
performed at a temperature between around 500 0C and
55O 0C . [0036] In an embodiment, the hydrogenating is
performed under 0.5 to 1.5 bars of hydrogen gas for
between around 1 hour to around 10 hours. [0037] In an
embodiment, the hydrogenating is performed in 1 bar of
hydrogen for around 5 hours . [0038] In an embodiment,
after said hydrogenating, said ingot is cooled to
around 100 0C under Ar gas. [0039] It was found that
the decomposition of the ingots is reduced by
selecting a hydrogenation temperatures of greater than
450 C . By avoiding decomposition of the ingots, the
ingots can be more easily removed from the furnace and
the composition of the final powder is more reliable
as the ingots are less likely to absorb impurities
such as 0 , C and N . [0040] By selecting a
hydrogenation temperature of less than around 60O 0C ,
the absorption of hydrogen is reduced to a level at
which decomposition of the hardmagnetic Nd2FeI4B
compound into NdH 2, a-Fe and Fe B is avoided. [0041]
In a further embodiment, the fine pulverisation is
performed in two steps. This embodiment has the
advantage 



that a reduced average particle size, as well as a
smaller particle size distribution can be provided by
a simple repulverisation of the finely pulverised
powder.[0042] A first fine pulverisation of the
coarselypulverised powder is performed in an inert
atmosphere. A second fine pulverisation of said finely
pulverised powder is then performed in an atmosphere
comprising oxygen, oxidizing said finely pulverised
powder. The finely pulverised powder comprises an
oxygen content 0.25 wt%< O 0.5 wt% after the second
fine pulverisation. [0043] In an embodiment, the first
fine pulverisation and said second fine pulverisation
is performed using a jet mill. [0044] In an
embodiment, after said first fine pulverisation, the
powder has an average particle size (FSSS) of around 4
mm and a particle size distribution in which 30% of
particles have a diameter of more than around 10 mm
and around 1% of the particles have a diameter of
greater than between around 20 mm and around 25 mm .
[0045] In an embodiment, after said second fine
pulverisation, the powder has an average particle size
(FSSS) in the range of around 4 mm to around 2.1 mm
and contains no particles greater than around 20 mm .
[0046] In an embodiment, the powder has an average
particle size (FSSS) of around 4 mm and a particle
size distribution in which 30% of particles have a
particle 



diameter of more than around 10 mm , and around 1%
have a diameter of greater of between around 20 mm and
around 25 mm after the first fine pulverisation. The
powder has an particle grain size (FSSS) in the range
of around 4 mm to around 2.1 mm and contains no
particles greater than around 10 mm after the second
fine pulverisation.[0047] The invention also provides
a method by which R-Fe- B-M powder is produced from a
pre-cast ingot. [0048] An alloy is provided which
comprises by weight, of 28.00  R 32.00%, where R is at
least one rare earth element including Y and the sum
of Dy + Tb 0.5, 0.50  B  2.00%, 0.50  Co  3.50%, 0.050
M  0.5%, where M is one or more of the elements Ga, Cu
and Al, 0.25 wt%< 0  0.5%, 0.15% or less of C ,
balance Fe. The alloy has the form of an ingot. [0049]
Similarly, to the previous embodiment, the pre-cast
ingot is annealed at a temperature in the range of
approximately 800 0C to approximately 1200 C under an
inert atmosphere of Ar or under vacuum to form an
ingot which is free o f the a-Fe phase. The ingot is
then treated in hydrogen gas in order to hydrogenate
the R-rich constituents and then coarsely pulverised.
A fine pulverisation of the coarsely pulverised powder
is performed in an atmosphere comprising oxygen,
oxidizing said powder. The finely pulverised powder
comprises an oxygen content of 0.25 wt%< 0 0.5 wt%.
[0050] In an embodiment, an alloy is provided in which
R 



is one or more of the elements Nd, Pr, Dy and Tb,
0.50% < Co < 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu <
0.20%. [0051] In an embodiment, the powder has an
average particle size (FSSS) in the range of around
2.5 mm to around 3 mm . [0052] In an embodiment, the
ingot has dimensions in the range of 20 mm to 30 mm.
[0053] In an embodiment, the hydrogenating is
performed at a temperature between around 45O 0C and
600 0C .[0054] In an embodiment, the hydrogenating is
performed at a temperature of between around 500 0C
and 550 0C . [0055] In an embodiment, the
hydrogenating is performed under 0.5 to 1.5 bars of
hydrogen gas for between around 1 hour to around 10
hours. [0056] In an embodiment, the hydrogenating is
performed under 1 bar of hydrogen for around 5 hours .
[0057] In an embodiment, after the hydrogenation, the
ingot is cooled to around 100 0C under Ar gas. [0058]
The invention also relates to a method of producing a
permanent R-Fe-B-M magnet. Powder is provided which
consists essentially by weight, of 28.00 R  32.00%,
where R is at least one rare earth element including Y
and the sum of Dy + Tb > 0.5, 0.50  B  2.00%, 0.50  Co
3.50%, 0.050 M  0.5%, where M is one or more of the
elements Ga, Cu and Al, 0.25 wt%< 0  0.5%, 0.15% or
less of C , balance Fe. The 



powder is compacted in a magnetic field to form a
textured compact. The compact is then sintered to
produce a magnet. [00 59] In an embodiment, the powder
has an average particle size according to FSSS and
said magnet has an average grain size. The average
grain size of said magnet is no more than 2.5 times
the average particle size of said powder . [0060] In
an alternative embodiment, the average grain size of
said magnet is no more than twice the average particle
size of said powder.[0061] In an embodiment, a
sintered magnet having an average grain size in a
range of about 7.6 mm to about 4.2 mm is produced in
the step of sintering. [0062] In a further embodiment,
the powder is fabricated by a two step fine
pulverisation process. The powder after said second
pulverisation has an average particle size according
to FSSS of around 4.1 mm to around 2.6 mm and the
magnet after sintering has an average grain size of
around 7.6 mm to around 4.2 mm . BRIEF DESCRIPTION OF
THE DRAWINGS [0063] The invention is now explained in
detail in the following with reference to the
drawings. [0064] Fig. 1 : Graph showing the percentage
of H2- absorbed by ingots with a size of around 20 mm
to 30 mm at 400 0C and a H2 pressure of about 1 bar. 



[0065] Fig. 2 : Graph showing the percentage of H2-
absorbed by ingots with a size of around 1 mm to 2 mm
at 500 0C and a H2 pressure of about 1 bar. [0066]
Fig. 3 : Graph showing the percentage of H2- absorbed
by ingots with a size of around 20 mm to 30 mm at 550
0C and a H2 pressure of about 1 bar. [0067] Fig. 4 :
Graph showing the percentage of H2- absorbed by ingots
with a size of around 20 mm to 30 mm at 700 0C and a
H2 pressure of about 1 bar.[0068] Fig. 5 : Graph
showing the effect of sifter rotation speed on average
particle size according to FSSS of re-milled Nd-Fe-M-B
alloy powder, where M is Al, Ga, Co, Cu. [0069] Fig. 6
: Graph showing the effect of sifter rotation speed N
on the particle size distribution of remilled
Nd-Fe-M-B alloy powder, where M is Al, Ga, Co, Cu.
[0070] Fig. 7 : Graph showing the relationship between
grain size of the sintered magnet and particle size of
the powder for different oxygen contents. [0071] Fig.
8 : Graph showing the temperature dependence of the
coercivity field strength of Nd-Fe-M-B magnets, where
M is Al, Ga, Co, Cu, fabricated from sintered powered
with a particle size of 4.1 mm and 2.6 mm . [0072]
Fig. 9 : Demagnetisation curves J(H) of Nd-Fe-B
magnets, fabricated from sintered remilled Nd-Fe-M-B-
powder, where M is Al, Ga, Co, Cu, with an average
particle size of 



2.6 mm . [0073] Fig. 10: Graph showing the weight
increase in a HAST test of Nd-Fe-M-B-magnets, where M
is Al, Ga, Co, Cu, with an average grain size of 7.6
mm and 4.2 mm which were fabricated from sintered
powder with an average particle size o f 4.1 mm and
2.6 mm respectively. [0074] Fig. 11: Graph showing the
weight increase in a PCT test of Nd-Fe-M-B-magnets,
where M is Al, Ga, Co, Cu, with an average grain size
of 7.6 mm and 4.2 mm which were fabricated from
sintered powder with an average particle size of 4.1
mm and 2.6 mm respectively.[0075] Table 1 :
Hydrogenating conditions and results of hydrogenated
alloys, where t nee is the time after which saturation
was reached, Dm is the weight gain, DV is the specific
H2 uptake, and DV/Dtmax is the maximum absorptions
rate, each of which is calculated from the weight gain
and/or the gas quantity added. [0076] Table 2 :
Results showing the powdered decomposition product of
hydrogenated and unhydrogenated ingots after storage
in air under various conditions. [0077] Table 3 :
Contamination uptake of hydrogenated and
unhydrogenated alloys. The hydrogenated alloys were
homogenised before the hydrogenation at 1060 0C to
1120 0C for 12h to 60 h . [0078] Table 4 : Surface
damage of nickel -coated sintered 



Nd-Fe-B-M magnets with various grain sizes. DETAILED
DESCRIPTION Composition [0079] A powder for use in a
R-Fe-M-B type permanent magnet was fabricated using
powder metallurgical techniques. An alloy having a
composition of 30% Nd, 0,1% Pr, 0,2% Dy, 0,5% Tb,
0,93% B , 0,25% Ga, 0,7% Co, 0,08% Cu, 0,10% A l was
melted and cast to produce plates having a thickness
of 20 mm which comprise a finely dispersed a-Fe phase.
Casting and Homogenising [0080] The cast plates were
given a solid solution heat treatment at around 1120
0C for 12 hours. The ingots were then cooled to a
temperature of between around 500 0C to around550 0C
under an atmosphere of argon in the furnace. After the
homogenisation treatment, the ingots were essentially
free from the a-Fe phase Hydrogenation [0081] A
hydrogenation treatment was then performed on the
homogenised ingots in order to enable the rare-earth
rich phases remaining in the alloy to form Nd-hydrides
and hence to be more easily pulverised. The
hydrogenation treatment was carried out at a
temperature in the range 500 to 55O 0C . [0082] The
hydrogenation heat treatment was carried out by
replacing the argon by hydrogen and then maintaining
the ingots under one bar of hydrogen at the desired
temperature 



for around five hours. [0083] After the hydrogenation
heat treatment, the furnace was refilled with argon.
The ingots were then cooled to around 100 0C in argon
and then transferred in air into a container which was
flushed with argon. [0084] Results of experiments to
determine the absorption rate are given in Table 1 .
The absorption rate was calculated from the weight
gain and gas usage. The gas usage was 10 to 15 I/kg of
hydrogen with a maximum absorption rate of 10 to 20
1/kgh. [0085] At hydrogenation temperatures of less
than 500 C , the surface of the ingots was observed to
decompose into a powder. The results of these
experiments are given in Table 2 . The formation of a
powdered decomposition product is not desired as,
firstly, the ingots cannot be easily removed from the
furnace. Secondly, the composition of the final powder
isadversely affected as the decomposition product
easily picks up impurities such as 0 , C and N .
[0086] For hydr sgenation temperatures of greater than
around 55 0  C , an unexpectedly large amount of
hydrogen was observed to be absorbed. It is thought
that this is due to the decomposition of the
hardmagnetic Nd2FeI4B compound into NdH 2 , a-Fe and
FexB which is also undesired. [0087] The results of
further experiments are given in Figures 1 to 4 in
which the effect of the hydrogenation 



temperature and size of the ingots on the maximum
absorption rate was investigated. These results show
that ingots with a size of 20 to 30 mm can be fully
hydrogenated in the desired temperature range . [0088]
After the hydrogenation heat treatment was been
carried out, the ingots were then further processed to
produce a powder. Stability of Ingots [0089] The
stability of hydrogenated alloy ingots was also
investigated. The ingots were stored for 44 to 220
days in air and the percentage of the ingot which had
decomposed was determined. The decomposition product
has the form of a powder. Therefore, the percentage
was determined by passing the sample through a 500 mm
sieve and weighing the portion o f the sample which
had a grain size of less than 500 mm . [0090] The
results of these experiments are given in Table 2 and
results in which the values have been normalised for
an ingot size of 25mm and a storage time of 100 days
are given in table 3 . Table 3 also gives the results
of experiments todetermine the uptake of 0 , C and N
contamination during storage. [0091] These results
show that the ingots hydrogenated at 500 to 550 0C can
be reloaded from the furnace even at 100 0C without
significant increase of the oxygen pickup. Therefore,
the handling of the hydrogenated ingots is much easier
and 



consequently cheaper compared to the standard process,
as disclosed in EP 0992309 Bl. Pulverisation [00 92]
The ingots were then crushed to produce a coarse
powder and then finely pulverised by milling the
coarsely pulverised powder in a jet mill to produce a
powder with an average particle size (FSSS) of around
3 mm . [0093] It is known that the magnetic properties
of the magnets produced using the powder are dependent
on the grain size of the sintered magnet and on the
particle size of the powder. In a further study the
effects of performing a second fine pulverisation of
the already finely pulverised powder was performed.
The finely pulverised powder was milled for a second
time in a jet mill and the effect of the second
treatment on the average particle size and particle
size distribution was investigated. [00 94] A rare
earth iron boron alloy powder with an average particle
size of 4 mm was pulverised for a second time in a jet
mill with increased sifter rotation speed. A s can be
seen in figure 5 , the average particle size decreases
with increasing sifter speed.[0095] The effect of
sifter speed during the second pulverisation on the
particle size distribution was also investigated. As
can be seen from the results shown in Figure 6 , the
width of the particle size distribution curve, which 



was measured by Fraunhofer diffraction, is reduced. It
can be seen that the remilled powders contained
essentially no particles with a size greater than 10
mm . Magnets [0096] Permanent magnets were fabricated
from these powders. The powders were mixed with a
lubricant, aligned in a magnetic field and
isostatically pressed to form rods of diameter 40mm
and length 195 mm. The green bodies were then sintered
at 1060 0C or 1070 C for 3 hours in vacuum and 1 hour
in Ar. The blocks were then given a further annealing
treatment at 4800C . [0097] The relationship between
the average grain size of the magnets in comparison
with the average particle size of the powder from
which it was fabricated was investigated, see Figure 7
. A magnet fabricated from powder with an average FSSS
particle size of 4.2 mm has an average grain size of
7.6 mm and a magnet fabricated from powder with an
average FSSS particle size of 2.6 mm has an average
grain size of 4.1 mm . The grain size of the magnets
is, therefore, less than double the particle size of
the alloy powder from which it was made. [0098] Also,
Figure 7 shows the relationship between the grain size
of the sintered magnet and particle size (according to
FSSS) of the powder for powders having different
oxygen contents. A grain growth factor of 3.2 was 



observed for magnets produced from powders with an
oxygencontent of 0.22 wt%. A grain growth factor of
2.4 was observed for magnets produced from powders
with an oxygen content of 0.29 wt%. A grain growth
factor of 2.0 was observed for magnets produced from
powders with an oxygen content of 0.43 wt%. A grain
growth factor of 1.9 was observed for magnets produced
from powders with an oxygen content of 0.62 wt%.
[0099] A reduced increase of the grain size is
observed only for magnets with an oxygen content
larger than 0.25 wt%. For magnets with an oxygen
contact of less than 0.25 wt%, there is a large
tendency to form a very coarse and undesired
microstructure . [00100] The effect of the powder
particle size on the coercive force of sintered
magnets fabricated using the powder can be seen in
figure 8 . The coercive field strength increases from
around 13kqe for alloy powder with an particle size of
4 mm to around 16.5 kOe for a magnet fabricated from
an alloy powder with an average particle size of 2.1
mm . The J(H) curves for these magnets are shown in
figure 9 . Because of their higher coercivity, fine
grained magnets can be applied at higher temperatures.
Corrosion Resistance [00101] The corrosion resistance
of magnets fabricated from powders of differing
average particle size was also 



investigated. From the results of the highly
accelerated stress test (HAST 130 C , 95% relative
humidity, 2.6 bar pressure) and the pressure cooker
test (PCT: 130 C , 100% humidity, 2.7 bar pressure)
are shown in figures 10 and 11.The magnets fabricated
from alloy powders having a smaller average grain size
have an improved corrosion resistance. [00102] Table 4
shows the results from measurements of the surface
damage to Ni coated magnets with a different average
grain size. These results confirm that magnets with a
smaller grain size show a reduced surface
deterioration during coating.What is claimed: 1 . A
powder for use in a R-Fe-M-B type permanent magnet
consisting essentially by weight, of 28.00  R  32.00%,
where R is at least one rare earth element including Y
and the sum of Dy + Tb > 0.5, 0.50  B  2.00%, 0.50  Co
3.50%, 0.050  M  0.5%, where M is one or more of the
elements Ga, Cu and Al, 0.25 wt%< 0 0.5%, 0.15% or
less of C , 0.15% or less of N balance Fe. 2 . A
powder for use in a R-Fe-M-B type permanent magnet,
according to claim 1 , wherein R is one or more of the
elements Nd, Pr, Dy and Tb, 0.50% < Co < 1.5%, 0.05% <
Ga < 0.25% and 0.05% < Cu < 0.20%. 3 . A powder for
use in a R-Fe-M-B type permanent magnet, according to
claim 1 , wherein said powder has an average particle
size (FSSS) in the 



range of around 4 mm to around 2.1 mm and contains no
particles greater than around 20 mm . 4 . A powder for
use in a R-Fe-M-B type permanent magnet, according to
claim 1 , wherein said powder has an average particle
size (FSSS) in the range of around 2.5 mm to around 3
mm and no particles greater than around 15 mm .5 . A
R-Fe-M-B type permanent magnet consisting essentially
by weight, of 28.00  R 32.00%, where R is at least one
rare earth element including Y and the sum of Dy + Tb
> 0.5, 0.50 < B < 2.00%, 0.50  Co  3.50%, 0.050  M
0.5%, where M is one or more of the elements Ga, Cu
and Al, 0.25 wt%< 0  0.5%, 0.15% or less of C , 0.15%
or less of N , balance Fe. 6 . A R-Fe-M-B type
permanent magnet according to claim 5 , wherein R is
one or more of the elements Nd, Pr, Dy and Tb, 0.50% <
Co < 1.5%, 0.05% < Ga < 0.25% and 0.05% < Cu < 0.20%.
7 . A R-Fe-M-B type permanent magnet according to
claim 5 , wherein said magnet has an average grain
size of around 7.6 mm to around 4.2 mm . 8 . A
R-Fe-M-B type permanent magnet according to claim 5 ,
wherein said magnet has an average grain size of
around 7 .6 mm and 



in a HAST corrosion test has a weight loss of less
than lmg/cm 2 after 10 days. 9 . A R-Fe-M-B type
permanent magnet according to claim 5 , wherein said
magnet has an average grain size of around 4.2 mm and
in a HAST corrosion test has a weight loss of less
than 0 .lmg/cm 2 after 10 days.10. A R-Fe-M-B type
permanent magnet according to claim 5 , wherein said
magnet has an average grain size of around 4.2 mm and
in a HAST corrosion test has a weight loss of less
than lmg/cm2 after 100 days.11. A method to produce
powders for use in R-Fe-B-M type permanent magnets
comprising the steps of: melting an alloy consisting
essentially by weight, of 28.00  R  32.00%, where R is
at least one rare earth element including Y and the
sum of Dy + Tb > 0.5, 0.50 < B  2.00%, 0.50  Co <
3.50%, 0.050  M  0.5%, where M is one or more of the
elements Ga, Cu and Al, 0.25 wt%< 0  0.5%, 0.15% or
less of C , 0.15% or less of N , balance Fe; casting
said alloy to form at least one ingot, wherein the
solidified ingot comprises finely dispersed a-Fe, and
R2Fe14B and R-rich constituents; annealing said ingot
at a temperature in the range of approximately 800 0C
to approximately 1200 C under an 



inert atmosphere of Ar or under vacuum to form an
ingot which is free of said a-Fe phase; treating said
ingots in hydrogen gas in order to hydrogenate the
R-rich constituents; coarsely pulverising said ingot;
performing a fine pulverisation of said coarsely
pulverised powder in an atmosphere comprising oxygen,
oxidizing said powder; wherein said finely pulverised
powder comprises an oxygen content of 0.25 wt%< O  0.5
wt%. 12. A method to produce powders for use in
R-Fe-B-M type permanent magnets according to claim 11,
wherein R is one or more of the elements Nd, Pr, Dy
and Tb, 0.50% < Co < 1.5%, 0.05% < Ga < 0.25% and
0.05% < Cu < 0.20%.13. A method to produce powders for
use in R-Fe-B-M type permanent magnets according to
claim 11, wherein said powder has an average particle
size (FSSS) in the range of around 4 mm to around 2.1
mm and contains no particles greater than around 20 mm
. 14. A method to produce powders for use in R-Fe-B-M
type permanent magnets according to claim 11, wherein
said powder has an average particle size (FSSS) in the
range of around 2.5 mm to around 3 mm and no particles
greater than around 15 mm . 15. A method to produce
powders for use in R-Fe-B-M type 



permanent magnets according to claim 11, wherein said
ingot has smallest dimensions in the range of 5 mm to
30 mm. 16. A method to produce powders for use in
R-Fe-B-M type permanent magnets according to claim 11,
wherein said ingot has smallest dimensions in the
range of 15 mm to 25 mm and said powder after said
fine pulverisation has an average particle size (FSSS)
in the range of around 4 mm to around 2.1 mm and
contains no particles greater than around 20 mm . 17.
A method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 11, wherein said
hydrogenating is performed at a temperature between
around 450 0C and 600 0C .18. A method to produce
powders for use in R-Fe-B-M type permanent magnets
according to claim 11, wherein said hydrogenating is
performed at a temperature between around 500 0C and
55O 0C . 19. A method to produce powders for use in
R-Fe-B-M type permanent magnets according to claim 17,
wherein said hydrogenating is performed under 0.5 to
1.5 bars of hydrogen gas for between around 1 hour to
around 10 hours. 20. A method to produce powders for
use in R-Fe-B-M type permanent magnets according to
claim 19, wherein said hydrogenating is performed at
around 1 bar of 



hydrogen for around 5 hours . 21. A method to produce
powders for use in R-Fe-B-M type permanent magnets
according to claim 18, wherein said hydrogenating is
performed under 0.5 to 1.5 bars of hydrogen gas for
between around 1 hour to around 10 hours. 22 . A
method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 21, wherein said
hydrogenating is performed at around 1 bar of hydrogen
for around 5 hours . 23. A method to produce powders
for use in R-Fe-B-M type permanent magnets according
to claim 11, wherein after said hydrogenating, said
ingot is cooled to around 100 0C under Ar gas.24. A
method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 11, wherein said
fine pulverisation is performed in two steps. 25. A
method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 24, wherein a
first fine pulverisation of said coarsely pulverised
powder is performed in an inert atmosphere and a
second fine pulverisation of said finely pulverised
powder is performed in an atmosphere comprising
oxygen, oxidizing said finely pulverised powder,
wherein said finely pulverised powder comprises an
oxygen content 0.25 wt%< 0 0.5 wt% after the second
fine pulverisation. 



26.A method to produce powders for use in R-Fe-B-M
type permanent magnets according to claim 24, wherein
said first fine pulverisation and said second fine
pulverisation is performed using a jet mill. 27. A
method to produce powders for use in R-Fe-B-M type
permanent magnets according to claim 24, wherein after
said first fine pulverisation, said powder has an
average particle size (FSSS) of around 4 mm and a
particle size distribution, wherein 30% of grains have
a diameter of more than around 10 mm , and around 1 %
of grains have a diameter of greater than between
around 20 mm and around 25 mm .28. A method to produce
powders for use in R-Fe-B-M type permanent magnets
according to claim 24, wherein after said second fine
pulverisation, said powder has an average particle
size (FSSS) in the range of around 4 mm to around 2.1
mm and contains no particles greater than around 20 mm
. 29. A method to produce powders for use in R-Fe-B-M
type permanent magnets according to claim 24, wherein
said powder has an average particle size (FSSS) of
around 4 mm and a particle size distribution, wherein
30% of grains have a particle diameter of more than
around 10 mm , and around 1 % have a diameter of
greater of between around 20 mm and around 25 mm after
the first fine pulverisation and 



said powder has an particle grain size (FSSS) in the
range of around 4 mm to around 2.1 mm and contains no
particles greater than around 10 mm after the second
fine pulverisation.30. A method of producing a powder
for use in the manufacture of R-Fe-B-M type permanent
magnets, comprising providing an alloy consisting
essentially by weight, of 28.00 R 32.00%, where R is
at least one rare earth element including Y and the
sum of Dy + Tb > 0.5, 0.50 < B  2.00%, 0.50  Co
3.50%, 0.050  M  0.5%, where M is one or more of the
elements Ga, Cu and Al, 0.25 wt%< 0  0.5%, 0.15% or
less of C , 0.15% or less of N , balance Fe, said
alloy having the form of an ingot; annealing said
ingot at a temperature in the range of approximately
800 0C to approximately 1200  C under an inert
atmosphere of Ar or under vacuum to form an ingot
which is free of said a-Fe phase; treating said ingots
in hydrogen gas in order to hydrogenate the R-rich
constituents; coarsely pulverising said ingot;
performing a fine pulverisation of said coarsely
pulverised powder in an atmosphere comprising oxygen,
oxidizing said powder; wherein said finely pulverised
powder comprises an oxygen content of 0.25 wt%< 0  0.5
wt%. 



31. A method of producing powders for use in the
manufacture of R-Fe-B-M type permanent magnets
according to claim 30, wherein R is one or more of the
elements Nd, Pr, Dy and Tb, 0.50% < Co < 1.5%, 0.05% <
Ga < 0.25% and 0.05% < Cu < 0.20%.32 . A method of
producing powders for use in the manufacture of
R-Fe-B-M type permanent magnets according to claim 31,
wherein said powder has an average particle size
(FSSS) in the range of around 2.5 mm to around 3 mm .
33 . A method to produce powders for use in a rare
earth magnet according to claim 31, wherein said ingot
has dimensions in the range of 15 mm to 25 mm. 34 . A
method to produce powders for use in a rare earth
magnet according to claim 33, wherein said
hydrogenating is performed at a temperature of between
around 450 0C and 600 0C . 35. A method to produce
powders for use in a rare earth magnet according to
claim 33, wherein said hydrogenating is performed at a
temperature of between around 500 0C and 55O 0C . 36.
A method to produce powders for use in a rare earth
magnet according to claim 34, wherein said
hydrogenating is performed under 0.5 to 1.5 bars of
hydrogen gas for between around 1 hour to around 10
hours 



37. A method to produce powders for use in a rare
earth magnet according to claim 36, wherein said
hydrogenating is performed at around 1 bar hydrogen
for around 5 hours .38.A method to produce powders for
use in a rare earth magnet according to claim 35,
wherein said hydrogenating is performed under 0.5 to
1.5 bars of hydrogen gas for between around 1 hour to
around 10 hours. 39. A method to produce powders for
use in a rare earth magnet according to claim 38,
wherein said hydrogenating is performed at around 1
bar hydrogen for around 5 hours . 40. A method to
produce powders for use in a rare earth magnet
according to claim 30, wherein after said
hydrogenating, said ingot is cooled to around 100 0C
under Ar gas.41. A method to produce a R-Fe-B-M type
permanent magnet comprising: providing powder
consisting essentially by weight, of 28.00  R  32.00%,
where R is at least one rare earth element including Y
and the sum of Dy + Tb > 0.5, 0.50  B  2.00%, 0.50  Co
3.50%, 0.050  M  0.5%, where M is one or more of the
elements Ga, Cu and Al, 0.25 wt%< O < 0.5%, 0.15% or
less of C , 0.15% or less of N , balance Fe;
compacting said powder in a magnetic field to form a 



textured compact; sintering said compact to produce a
magnet. 42. A method to produce a R-Fe-B-M type
permanent magnet according to claim 41, wherein said
powder has an average particle size according to FSSS
and said magnet has a average grain size, wherein said
average grain size of said magnet is no more than 2.5
times the average particle size of said powder. 43. A
method to produce a R-Fe-B-M type permanent magnet
according to claim 41, wherein in said step of
sintering a sintered magnet having an average grain
size in a range of about 7.6 mm to about 4.2 mm is
produced.44. A method to produce a R-Fe-B-M type
permanent magnet according to claim 41, wherein said
powder after said second pulverisation has an average
particle size according to FSSS of around 4.1 mm to
around 2.6 mm and said magnet after sintering has an
average grain size of around 7.6 mm to around 4.2 mm .




