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[0001] Permanent magnetic materials are used in a wide range of applications. The strength of a magnetic field
generated by such a magnet may be limited by the orientations of grains or crystals in the materials. For example, US
5,416,457 relates to lateral orientation anisotropic magnet.
[0002] It would therefore be desirable to provide magnets having grains oriented for increased field strength, apparatus
and methods for making the magnets, and apparatus incorporating the magnets.
[0003] The present invention is defined by the independent claim, the dependent claims concerning particular embodiments of the invention. The objects and advantages of the invention will be apparent upon consideration of the following
detailed description, taken in conjunction with the accompanying drawings, in which like reference characters refer to
like parts throughout, and in which:
FIG. 1 shows illustrative process steps in accordance with the principles of the invention;
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FIG. 2 schematically shows illustrative apparatus in accordance with the principles of the invention;
FIG. 3 schematically shows a portion of the apparatus shown in FIG. 2;
FIG. 4 schematically shows material being used in accordance with the principles of the invention;
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FIG. 5 schematically shows, in a view taken along lines 5-5 (shown in FIG. 2), a different view of the material shown
in FIG. 4;
FIG. 6 schematically shows features of the material shown in FIG. 4;
25

FIG. 7 schematically shows, in a view taken along lines 7-7 (shown in FIG. 2), a different view of the material shown
in FIG. 4;
FIG. 8 schematically shows features of the material shown in FIG. 4;
30

FIG. 9 schematically shows an illustrative product in accordance with the principles of the invention;
FIG. 10 schematically shows other illustrative apparatus in accordance with the principles of the invention;
35

FIG. 11 schematically shows a portion of the apparatus shown in FIG. 10;
FIG. 12 schematically shows, in a view taken along lines 12-12 (shown in FIG. 11), a material being used in accordance
with the principles of the invention;
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FIG. 13 schematically shows features of the material shown in FIG. 12;
FIG. 14 schematically shows, in a view taken along lines 14-14 (shown in FIG. 11), a different view of the material
shown in FIG. 12;
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FIG. 15 schematically shows features of the material shown in FIG. 12;
FIG. 16 schematically shows, in a view taken along lines 16-16 (shown in FIG. 11), a different view of the material
shown in FIG. 12;

50

FIG. 17 schematically shows features of the material shown in FIG. 12;
FIG. 18 schematically shows another illustrative product in accordance with the principles of the invention;
FIG. 19 schematically shows another illustrative product in accordance with the principles of the invention;
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FIG. 20 schematically shows yet another illustrative product in accordance with the principles of the invention;
FIG. 21 schematically shows a diametric magnet.

2

EP 2 762 838 B1
FIG. 22 schematically shows a two-pole magnet.
FIG. 23 schematically shows still another illustrative product in accordance with the principles of the invention;
5

FIG. 24 schematically shows still another illustrative apparatus in accordance with the principles of the invention;
FIG. 25 schematically shows yet another illustrative apparatus in accordance with the principles of the invention;
FIG. 26 schematically shows yet other illustrative products in accordance with the principles of the invention;
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FIG. 27 shows information that illustrates principles of the invention;
FIG. 28 shows other information that illustrates principles of the invention;
15

FIG. 29 shows still other information that illustrates principles of the invention;
FIG. 30 shows yet other information that illustrates principles of the invention;
FIG. 31 shows yet other illustrative apparatus in accordance with the principles of the invention;
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FIG. 32 shows yet other illustrative apparatus in accordance with the principles of the invention;
FIG. 33 shows yet other information that illustrates principles of the invention;
25

FIG. 34 shows yet other information that illustrates principles of the invention;
FIG. 35 shows yet other information that illustrates principles of the invention;
FIG. 36 shows yet other information that illustrates principles of the invention;
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FIG. 37 shows yet other information that illustrates principles of the invention;
FIG. 38 shows yet other illustrative apparatus in accordance with the principles of the invention;
35

FIG. 39 shows yet other illustrative apparatus in accordance with the principles of the invention;
FIG. 40 shows yet other illustrative apparatus in accordance with the principles of the invention;
FIG. 41 shows yet other information that illustrates principles of the invention;
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FIG. 42 shows yet other information that illustrates principles of the invention;
FIG. 43 shows yet other information that illustrates principles of the invention; and
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FIG. 44 shows yet other information that illustrates principles of the invention.
[0004] The field of a permanent magnet may be shaped by applying an external field to the material from which the
magnet is made in such a way as to magnetize different regions of the material in different directions. Some materials
have "easy directions," in which permanent magnetization may be established more easily than in other directions. When
easy directions in a material are arranged in a manner that conforms to the desired field shape before the external field
is applied to induce the permanent magnetization, the field generated by the permanent magnet may have increased
strength.
[0005] Apparatus and methods for manufacturing magnets, and magnets, having magnetically oriented grains, and
apparatus including such magnets, are provided.
[0006] The apparatus may include, and the methods may involve, a metal-powder press that may press metal powder
in the presence of a magnetic field. The press may compress the powder in an axial direction. The field may have flux
lines that are transverse to the axial direction. The field may have flux lines that are along the axial direction.
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[0007] Apparatus and methods for producing a magnet are provided. The methods may include placing grains of
magnetic powder in a press. The grains may be polycrystalline. The grains may be monocrystalline. The grains may be
vitreous. The grains may range in size from 10 micron to 1,000 micron. The grains may range in size from 1 micron to
200 micron. The press may define a compression axis and a die. The magnet may include grains with different orientations
in different regions. The magnet may include first grains and second grains. The methods may include magnetically
orienting the grains so that: in a first region of the die, radially apart from the compression axis, the first grains have first
magnetic dipole moments that are inclined, relative to the central axis, at a first angle that is oblique to the compression
axis; in a second region of the die, substantially along the compression axis, the second grains have second magnetic
dipole moments that are substantially normal to the compression axis; and in a third region of the die, opposite the first
region, the third grains have third magnetic dipole moments that are inclined, relative to the central axis, at a second
angle that substantially mirrors the first angle.
[0008] The methods may include pressing the grains, along the compression axis, into a compact during the orienting.
[0009] The orienting may include subjecting the first, second and third grains to a magnetic field having flux lines to
which the first, second and third grains align. The flux lines may be substantially continuous between the first and second
regions. The flux lines may be substantially continuous between the second and third region.
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[0010] The methods may include magnetically orienting the grains so that: in a first region of the die, radially apart
from the compression axis, the first grains have first magnetic dipole moments that are inclined, relative to the central
axis, at a first angle that is oblique to the compression axis; in a second region of the die, substantially along the
compression axis, the second grains have second magnetic dipole moments that are substantially parallel to the compression axis; and, in a third region of the die, opposite the first region, the third grains have third magnetic dipole
moments that are inclined, relative to the central axis, at a second angle that substantially mirrors the first angle.
[0011] The orienting may include subjecting the first, second and third grains to a magnetic field having flux lines to
which the first, second and third grains align. The flux lines may be substantially continuous between the first and second
regions. The flux lines may be substantially continuous between the second and third regions.
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[0012] The apparatus may include, and the methods may involve, a magnetic powder press. The magnetic powder
press may include a die for receiving magnetic powder. The die may have a first direction and a second direction. The
second direction may be substantially orthogonal to the first direction. The press may include a magnetic flux source
that is configured to provide magnetic flux substantially parallel to the first direction, from a first region of the die to a
second region of the die. The first and second regions may be spaced apart from each other on opposite sides of a
central region of the die. The press may include a first compression body that has a first magnetic permeability. The
press may include a second compression body that has a second magnetic permeability. One or both of the compression
bodies may be a punch.
[0013] The first and second compression bodies may be configured to compress the powder along the second direction.
The first and second magnetic permeabilities may be imbalanced so that, when the bodies compress the powder, the
flux is deflected in the second direction: in the central region, by a first offset; and, in the first and second regions, by a
second offset. The second offset may be less than the first offset.
PRESS
Axial field
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[0014] The die may have a first direction and a second direction that is substantially orthogonal to the first direction.
The magnetic flux source may be configured to provide magnetic flux substantially parallel to the second direction from
a first region of the die to a second region of the die. The first and second regions may be spaced apart from each other
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on opposite sides of a central region of the die. The first and second magnetic permeabilities may be imbalanced so
that, when the bodies compress the powder, the flux is deflected in the first direction: in the first region, by a first offset;
and, in the second region, by a second offset that is greater than the first offset.
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[0015] The apparatus may include a sintered hard magnet. The magnet may include a plurality of first sintered grains.
The first sintered grains may have first magnetic easy directions substantially aligned together along a plane.
[0016] A magnetic easy direction may be a direction along which the grain is easily magnetized in response to an
external magnetic field. The easy direction may be a crystallographic direction. The easy direction may be a crystallographic axis. The easy direction may be a net direction based on one or more crystallographic directions or crystallographic
axes. When a grain is subjected to an external field, the grain may rotate to align the easy direction with the external
field. After rotation, micromagnetic domains may shift to an orientation along the easy direction. If the domains are shifted
with sufficient force to translate past energy barriers, such as dislocations, grain boundaries or other imperfections, the
domains may become pinned in place and the magnet may become a "hard" magnet.
[0017] The magnet may include a plurality of second sintered grains, on one side of the first sintered grains. The
second sintered grains may have second magnetic easy directions aligned together and inclined obliquely relative to
the plane. The magnet may include third sintered grains, on an opposite side of the first sintered grains. The third sintered
grains may have third magnetic easy directions that substantially mirror the second easy directions.
[0018] The first magnetic easy directions may define a first average direction. At least 50% of the first easy directions
may be aligned within about 5 degrees of the first average direction. At least 67% of the first easy directions may be
aligned within about 5 degrees of the first average direction. At least 97% of the first easy directions may be aligned
within about 5 degrees of the first average direction.
[0019] The second magnetic easy directions may define a second average direction. At least 50% of the second easy
directions may be aligned within about 5 degrees of the second average direction. At least 67% of the second easy
directions may be aligned within about 5 degrees of the second average direction. At least 97% of the second easy
directions may be aligned within about 5 degrees of the second average direction.
[0020] The third magnetic easy directions may define a third average direction. At least 50% of the third easy directions
may be aligned within about 5 degrees of the third average direction. At least 67% of the third easy directions may be
aligned within about 5 degrees of the third average direction. At least 97% of the third easy directions may be aligned
within about 5 degrees of the third average direction.
[0021] The first, second and third sintered grains may be part of a grain network that is interconnected exclusively by
contemporaneously grown intergranular necks. The intergranular necks may all result from a common thermal treatment
history. Two or more of the first, second and third sintered grains may be individually sintered and then joined to another
of the first, second and third sintered grains by adhesive, welding or other post-sintering process or by a thermal treatment
subsequent to the sintering of the first sintered grains, the sintering of the second sintered grains and the sintering of
the third sintered grains.
[0022] The easy directions in the network may vary substantially continuously between the second and first sintered
grains and between the first and third sintered grains.
[0023] The magnet may have a substantially planar face. The magnet may include a plurality of first sintered grains.
The first sintered grains may have first magnetic easy directions aligned substantially parallel to the face. The magnet
may include a plurality of second sintered grains. The second sintered grains may be disposed on one side of the first
sintered grains. The second sintered grains may have second magnetic easy directions that are substantially co-aligned
and collectively inclined at oblique angles relative to the face. The magnet may include a plurality of third sintered grains.
The third sintered grains may be disposed on an opposite side of the first sintered grains. The third sintered grains may
have third magnetic easy directions that substantially mirror the second easy directions.
[0024] The face may have a diameter in the range from about 1 mm to about 100 mm and a thickness in a range from
about 0.5 mm to about 75 mm. The face may define a central axis that is normal to the face. The magnet may generate,
at a location X1 mm from the face, along the central axis, and Y1 mm radially away from the central axis, a magnetic
field component that is parallel to the central axis. Compared to a magnet in which the magnetization direction is essentially
the same throughout the magnet volume, the magnetic field component normal to the face at X1 from the face and Y1
away from the central axis, is stronger. The normal component magnitude may vary sinusoidaly in the circumferential
direction around the central axis. The peak value of the normal component may be referred to as Hnormal.
[0025] The face may be a first face. The first face may define a "hot" side of the magnet. The magnet may include a
second face that may be parallel to the first face and is set apart from the first face by a thickness. The magnetic field,
at a location X2 mm from the second face, along the central axis, and Y2 mm radially away from the central axis, normal
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to the second face, may have a magnitude that is less than the magnitude at X1, Y1 on the hot side. The second face
may define a "cold" side of the magnet.
[0026] The magnet may generate on the hot side, at a location X1 mm from the first face, along the central axis, and
Y1 mm radially away from the central axis, a magnetic field component that is circumferential to the central axis. The
circumferential component magnitude may vary sinusoidaly in the circumferential direction around the central axis. The
peak value of the circumferential component may be referred to as Hparallel (to indicate that it is parallel to the face) .
[0027] Table 1 shows for illustrative magnet diameters D and thicknesses t illustrative values of magnetic field strengths
Bnormal (normal to magnet face; also referred to as Haxial, wherein "axial" indicates parallel to the central axis) and Bparallel
(parallel to magnet face; also referred to as Hθ, wherein "θ" indicates circumferential about the central axis), at axial
displacements X1 from the first face and Y1 from the axis, on the hot side, and axial displacements X2 from the second
face and Y2 from the axis, on the cold side.
Table 1. Illustrative magnet diameters D and thicknesses t along with illustrative values of magnetic field strengths.
The field strengths were calculated by finite element modeling and are relative to a constant polarization of J = 0.1
Tesla (103 Gauss) throughout the modeled magnet volume. Hot side estimates may exceed empirical results. Cold
side estimates may have error of about 2-fold because of the cancelation of modeled vector fields.
Hot side

20

25

30

Cold side

Diameter
(mm)

Thickness
(mm)

Distance
X1, X2
from face
(mm)

Distance
Y1, Y2 from
central
axis (mm)

Bparallel
(103-Gauss)

Bnormal
(103-Gauss)

Bparallel
(103-Gauss)

Bnormal
(103-Gauss)

6

2.5

4

0

33

0

11

0

6

2.5

4

1

29

15

11

2

10

2.5

4

0

62

0

2

0

10

2.5

4

1

58

23

0

6

6

5

4

0

42

0

21

0

6

5

4

1

38

18

21

6

10

5

4

0

83

0

15

0

10

5

4

1

79

28
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[0028] The magnet may have a face, a diameter between about 5 mm and about 7 mm and a thickness between about
1.5 mm and about 3.5 mm. The magnet may define, normal to the face, a central axis. The magnet may generate a
magnetic field that, at a location about 3 mm from the face and about 1 mm radially away from the central axis, has a
component that is parallel to the central axis and has a magnitude that is greater than 400 Gauss.
[0029] The face may be a first face. The location may be a first location. The magnet may include a second face that
is substantially parallel to the first face and is set apart from the first face by the thickness. The magnetic field component,
at a second location 3 mm from the second face and opposite the first location, may have a magnitude that is less than
150 Gauss.
[0030] The diameter may be about 6 mm and the thickness may be about 2.5 mm.
[0031] The magnitude at the first location may be greater than 410 Gauss.
[0032] The magnitude at the first location may be greater than 420 Gauss.
[0033] The magnitude at the first location may be greater than 430 Gauss.
[0034] The magnitude at the first location may be greater than 440 Gauss.
[0035] The magnitude at the first location may be greater than 450 Gauss.
[0036] The magnet may have a face, a diameter between about 5 mm and about 7 mm and a thickness between about
1.5 mm and 3.5 mm. The magnet may define, normal to the face, a central axis. The magnet may generate a magnetic
field that, at a location about 3 mm from the face and about 1 mm radially away from the central axis, has a component
that is parallel to the face and has a magnitude that is greater than 520 Gauss.
[0037] The face may be a first face and the location may be a first location. The magnet may include a second face
that is substantially parallel to the first face and is set apart from the first face by the thickness. The magnetic field
component, at a second location 3 mm from the second face and opposite the first location, may have a magnitude that
is less than 300 Gauss.
[0038] The diameter may be about 6 mm and the thickness may be about 2.5 mm.
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[0039]
[0040]
[0041]
[0042]
[0043]

The magnitude at the first location may
The magnitude at the first location may
The magnitude at the first location may
The magnitude at the first location may
The magnitude at the first location may

be
be
be
be
be

greater than 535 Gauss.
greater than 545 Gauss.
greater than 560 Gauss.
greater than 575 Gauss.
greater than 585 Gauss.
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[0044] The magnet may have a magnetic axis that traverses from a first region of the magnet to a second region of
the magnet. The magnet may include a plurality of first sintered grains in the first region. The first sintered grains may
have first magnetic easy directions aligned substantially together and substantially parallel to the axis. The magnet may
include a plurality of second sintered grains in the second region. The second sintered grains may be set apart from the
axis. The second sintered grains may have second magnetic easy directions that are inclined away from the axis. This
magnet may be referred to as a "flux focusing magnet."
[0045] The first magnetic easy directions may define a first average direction. At least 50% of the first easy directions
may be aligned within about 5 degrees of the first average direction. At least 67% of the first easy directions may be
aligned within about 5 degrees of the first average direction. At least 97% of the first easy directions may be aligned
within about 5 degrees of the first average direction.
[0046] The second magnetic easy directions may define a second average direction. At least 50% of the second easy
directions may be aligned within about 5 degrees of the second average direction. At least 67% of the second easy
directions may be aligned within about 5 degrees of the second average direction. At least 97% of the second easy
directions may be aligned within about 5 degrees of the second average direction.
[0047] The magnet may have a magnetic axis. The magnet may include a top surface normal to the axis. The magnet
may include a bottom surface normal to the axis. The bottom surface may be set apart from the top surface by a thickness.
The thickness may be between about 3 mm and about 6 mm. The magnet may generate a magnetic field that at a
location about 4 mm from the top surface has a component that is parallel to the axis and has a magnitude greater than
1500 Gauss.
[0048] The location may be a first location. The magnetic field component at a second location 4 mm from the bottom
surface and opposite the first location, may have a magnitude that is less than 1000 Gauss.
[0049] One or both of the top surface and the bottom surface may have a length between about 28 and about 32 mm.
One or both of the top surface and the bottom surface may have a width between about 13 and about 15 mm.
[0050] The length may be about 30 mm. The length may be about 30.15 mm.
[0051] The width may be about 14 mm. The width may be about 13.8 mm.
[0052] The thickness may be about 4 mm. The thickness may be about 4.2 mm.
[0053] The magnetic axis may traverse from a first region of the magnet to a second region of the magnet. A plurality
of first sintered grains in the first region may have first magnetic easy directions aligned together substantially parallel
to the axis. A plurality of second sintered grains in the second region and set apart from the axis may have second
magnetic easy directions that are inclined away from the axis.
[0054] The magnet may include a top surface and a bottom surface. The bottom surface may be set apart from the
top surface by a thickness. The magnet may generate a magnetic field that, at a first location 0.5 x thickness along the
magnetic axis away from the top face, has a component parallel to the axis having a magnitude that is no less than 1.5
times greater than the same component at a second location 0.5 x thickness along the magnetic axis away from the
bottom face.
Sensor
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[0055] The apparatus may include an angular displacement indicator. The indicator may include a sintered powder
magnet. The magnet may have a substantially planar face normal to a rotation axis. The indicator may include a sensor
that is configured to output a voltage that is proportional to an angular displacement between the magnet and the sensor.
The magnet may include grains that have magnetic dipoles that form a curved pattern that, near the axis, is substantially
tangent the face. At locations far away from the axis of the magnet, the dipoles may be inclined at angles from about 5°
to about 10°, from about 10° to about 15°, from about 15° to about 20°, from about 20° to about 25°, from about 25° to
about 30°, from about 30° to about 35° to the tangential direction. The dipoles may be at angles greater than 30° to the
tangential direction. The sensor may sense a magnetic field from the magnet. The magnetic field may be parallel to the
rotation axis. The sensor may be a Hall effect sensor or magnetoresistive sensor.
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[0056] The apparatus may include one or two (or any suitable number of) rotors for transferring torque. The rotor may
define a circumferential direction and a radial direction. The rotor may include a first flux focusing magnet. The first flux
focusing magnet set radially apart from a rotational axis, the magnetic axis of the first flux focusing magnet being
substantially aligned with the radial direction, the second region of the first flux focusing magnet being at a greater radial
distance from the axis than the first region of the first flux focusing magnet.
[0057] The rotor may include a second flux focusing magnet. The second flux focusing magnet may be displaced
circumferentially from the first flux focusing magnet by a circumferential offset. The magnetic axis of the second flux
focusing magnet may be substantially aligned with the radial direction. The second region of the second flux focusing
magnet may be at a lesser radial distance from the axis than the first region of the second flux focusing magnet.
[0058] The first magnet may define the radial thickness of an annulus about the axis. The first magnet may be one of
a plurality of magnets in the annulus. The plurality may include from about 10 to about 16 magnets.
[0059] Each of the plurality of magnets may have a width in the circumferential direction of about 10 mm; and neighboring
magnets of the plurality of magnets may be separated by a gap in the circumferential direction of about 1 mm.
[0060] The first magnet may have a circumferential span of about 0.1 to 0.2 radian.
[0061] The outer radial extent of the first magnet or the second may define an outer radius. The outer radius may be
greater than 50, 60, 70, 80, 90, 100, 120, 140, or 160 millimeter. The outer radius may be greater than 5 millimeter.
[0062] An inner radial extent of the first focused flux magnet or the second focused flux defines an inner radius. The
first focused flux magnet is configured to be radially aligned with a third focused flux magnet that is located at a radius
less than the inner radius. The second focused flux magnet is configured to be radially aligned with a fourth focused flux
magnet that is located at a radius less than the inner radius.
[0063] The magnetic axis of the third focused flux magnet may be substantially aligned with the radial direction. The
second region of the third focused flux magnet may be at a lesser radial distance from the axis than the first region of
the third focused flux magnet.
[0064] The magnetic axis of the fourth focused flux magnet may be substantially aligned with the radial direction. The
second region of the fourth focused flux magnet may be at a greater radial distance from the axis than the first region
of the fourth focused flux magnet. The third and fourth focused flux magnets may be configured to magnetically couple
to the first and second focused flux magnets, respectively, and to orbit about the axis.
[0065] Apparatus and methods in accordance with the invention will now be described in connection with the FIGS.
The features are illustrated in the context of selected embodiments. It will be understood that features shown in connection
with one of the embodiments may be practiced in accordance with the principles of the invention along with features
shown in connection with another of the embodiments.
[0066] Apparatus and methods described herein are illustrative. Apparatus and methods of the invention may involve
some or all of the features of the illustrative apparatus and/or some or all of the steps of the illustrative methods. The
steps of the methods may be performed in an order other than the order shown and described herein. Some embodiments
may omit steps shown and described in connection with the illustrative methods. Some embodiments may include steps
that are not shown and described in connection with the illustrative methods.
[0067] FIG. 1 shows illustrative steps of process 100 for producing magnets. The process may begin at step 102. At
step 102, magnetic materials may be provided. The materials may include Cobalt, Samarium, Iron, Copper, Zirconium
or other suitable materials. At step 104, the materials may be milled into powder and combined in desired proportions.
At step 106, the powder may be pressed in a die under an external magnetic field to arrange powder grain easy directions
in different regions of the die. At step 108, the powder may be sintered at high temperature. At step 110, the sintered
powder may be finished by milling, cutting, drilling, polishing, grinding, plating or any other suitable process. At step 112,
an external magnetic field may be applied to the sintered powder. The external magnetic field may conform to the
arrangement of powder grain easy directions in the sintered powder. One or more of the apparatus shown and described
below may be used to perform one or more of the steps of process 100.
[0068] FIG. 2 show illustrative metal powder grains g1, g2 and g3 in die 200. Die 200 may have any suitable shape.
Die 200 may be a parallelepiped. Die 200 may be rectilinear. Die 200 may be cylindrical. Die 200 may be conical. Die
200 may be trapezoidal. Die 200 may be crescent-shaped. Die 200 may be filled with metallic powder grains 201. Grains
g1, g2 and g3 have magnetic easy directions d1, d2 and d3 rotated into alignment with curved magnetic flux lines 202.
Grains g1, g2 and g3 may represent pluralities of grains in regions of the powder that correspond to the grains. Easy
directions d1, d2 and d3 may be inclined relative to axis L2 at angles γ1, γ2 and γ3. Flux lines 202 correspond to externally
imposed magnetic field H. Field H may be provided by a source such as a coil (not shown). Field H may include
components H x, Hy and Hz, that may vary along axes L1, L2 and L3.
[0069] Force lines 204 show compress force that may be applied along axis L3 to compact the powder grains, in the
presence of the external field, into a metallic compact. Axis L1 is orthogonal to axes L2 and L3.
[0070] FIG. 3 illustrates die 200 as a cylinder.
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[0071] FIG. 4 schematically shows a cross section of powder grains 201 taken along view lines 4-4 (shown in FIG. 3).
Circles 400 illustrate easy directions of grains 201. The easy directions are illustrated as being normal to the plane of
FIG. 4. In some embodiments, there may be up to about a 5-degree divergence in the easy directions of grains 201. In
some embodiments, there may be a divergence in the easy directions of grains 201 that is greater than 5°.
[0072] FIG. 5 schematically shows a cross section of easy directions 500 of grains 201 taken along view lines 5-5
(shown in FIG. 3). Easy directions 500 are arranged in a pattern that conforms to flux lines 202 (shown in FIG. 2).
[0073] FIG. 6 schematically shows magnet dipoles 600 of grains 201 in the presence of a magnetic field such as H,
corresponding to flux lines 202, or as a result of permanent magnetization by a field conforming to easy directions 500.
[0074] FIG. 7 schematically shows a cross section of easy directions 700 of grains 201 taken along view lines 7-7
(shown in FIG. 3). The view in FIG. 7 shows a cross section that is displaced, along the L1 axis, relative to the view in
FIG. 5, in a direction away from the center of die 200. Because die 200 is illustrated as a cylinder, the view along lines
7-7 is normal to a chord of the cylinder and is therefore of a smaller "width" than view 5-5, which is normal to a diameter
of the cylinder. Easy directions 700 are arranged in substantially the same pattern as that in which easy directions 500
(shown in FIG. 5) are arranged. This shows that field H (shown in FIG. 2) may be sufficiently uniform in direction L1 that
the orientation of grain 201 easy directions substantially conforms to flux lines 202 of field H in direction L1. When edge
effects are present, easy directions of grains 201 near the edge of die 200 may not conform to flux lines 202 of field H.
[0075] FIG. 8 schematically shows magnetic dipoles 800 of grains 201 in the presence of a magnetic field such as H,
corresponding to flux lines 202, or as a result of permanent magnetization by a field conforming to easy directions 700.
[0076] FIG. 9 shows illustrative disc-shaped magnet 900, which may be made by compression of grains 201 in die
200 subject to magnetic field H. After compression, grains 201 were sintered in an oven and cooled. A magnetic field
H’ was applied to magnet 900 to remagnetize magnet 900 after sintering. Magnetic field H’ may be a substantially uniform
linear (i.e., not shaped) magnetic field. Magnetic field H’ may be shaped to coincide with the easy directions induced
prior to sintering by magnetic field H. After removal of magnetic field H’, magnet 900 retains magnet dipoles that generate
external magnetic field H".
[0077] Field H" at point P has axial component H"z, radial component H"r and circumferential component H"θ. H"z may
vary sinusoidally about axis L3. The peak values of H"z may correspond to Bnormal (listed in Table 1) or -Bnormal. H"θ may
vary sinusoidally about axis L3. The peak values of H"θ may correspond to Bparallel (listed in Table 1) or -Bparallel.
[0078] The magnitudes of the components may depend on the composition of grains 201, the overall density of grains
201, the degree of compression of grains 201, the strength of fields H and H’, the shape fields H and H’, magnet thickness
t, magnet diameter D and other factors.
[0079] Magnet 900 may have hot side 905. Magnet 900 may include cold side 907. Magnetic field strength adjacent
hot side 905 may be greater than that adjacent cold side 907.
[0080] Table 2 shows illustrative modeled field magnitudes H" r(z = 3 mm, r = 1 mm, θ = 0) and H"z(z = 3 mm, r = 1
mm, θ = 0) for a magnet such as 900 when the average polarization is 1.07 Tesla, magnet diameter is 6 +/- 0.05 mm
and magnet thickness is 2.5 +/- 0.05 mm. θ = 0 corresponds to the plane of FIG. 2. The illustrative values are based on
finite element model solutions.
Table 2. Illustrative values of H"r and H"z for a magnet such as 900.

40

Side of magnet

H"r

(Gauss)

Hot
Cold
45

50

55

520
300

H"z

(Gauss)
400
150

[0081] Values greater than the hot side values shown in Table 2 may be achieved, for example, by increasing one or
more of the overall density of grains 201, the degree of compression of grains 201, the strength of field H, the strength
of field H’, the curvature of field H, the curvature of field H’ and any other suitable factor. The higher values may be from
about 1% to about 2%, from about 2% to about 3%, from about 3% to about 4%, from about 4% to about 5%, from about
5% to about 6%, from about 6% to about 7%, from about 7% to about 8%, from about 8% to about 9%, from about 9%
to about 10%, from about 10% to about 12%, from about 12% to about 14%, from about 14% to about 16%, from about
16% to about 18%, from about 18% to about 20%, from about 20% to about 25%, and from about 25% to about 30%
higher, or more than 30% higher, than the values shown in Table 2.
[0082] Values lesser than the cold side values shown in Table 2 may be achieved, for example, by increasing one or
more of the overall density of grains 201, the degree of compression of grains 201, the strength of field H, the strength
of field H’, the curvature of field H, the curvature of field H’ and any other suitable factor. The lower values may be from
about 1% to about 2%, from about 2% to about 3%, from about 3% to about 4%, from about 4% to about 5%, from about
5% to about 6%, from about 6% to about 7%, from about 7% to about 8%, from about 8% to about 9%, from about 9%
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to about 10%, from about 10% to about 12%, from about 12% to about 14%, from about 14% to about 16%, from about
16% to about 18%, from about 18% to about 20%, from about 20% to about 25%, and from about 25% to about 30%
lower, or more than 30% lower, than the values shown in Table 2.
[0083] FIG. 10 show illustrative metal powder grains g4, g5 and g6 in die 1000. Die 1000 may have any suitable shape.
Die 1000 may be rectilinear. Die 1000 may be a parallelepiped. Die 1000 may be cylindrical. Die 1000 may be conical.
Die 1000 may be trapezoidal. Die 100 may be crescent-shaped. Die 1000 may be filled with metallic powder grains
1001. Grains g4, g5 and g6 have magnetic easy directions d4, d5 and d6 rotated into alignment with curved magnetic flux
lines 1002. Grains g4, g5 and g6 may represent pluralities of grains in regions of the powder that correspond to the grains.
Easy directions d4, d5 and d6 may be inclined relative to axis L2 at angles η1, η2 and η3. Flux lines 1002 correspond to
externally imposed magnetic field H. Field H may be provided by a source such as a coil (not shown) . Field G may
include components G x, Gy and Gz, that may vary along axes L1, L2 and L3.
[0084] Force lines 1004 show compress force that may be applied along axis L3 to compact the powder grains, in the
presence of field G, into a metallic compact. Axis L1 is orthogonal to axes L2 and L3.
[0085] FIG. 11 illustrates die 1000 as a parallelepiped.
[0086] FIG. 12 schematically shows a cross section of easy directions 1200 of grains 1001 taken along view lines
12-12 (shown in FIG. 11). Easy directions 1200 are arranged in a pattern that conforms to flux lines 1002 (shown in FIG. 10).
[0087] FIG. 13 schematically shows magnet dipoles 1300 of grains 1001 in the presence of a magnetic field such as
G, corresponding to flux lines 1002, or as a result of permanent magnetization by a field conforming to easy directions 1200.
[0088] FIG. 14 schematically shows a cross section of easy directions 1400 of grains 1001 taken along view lines
14-14 (shown in FIG. 11). Easy directions 1400 are arranged in a pattern that conforms to flux lines 1002 (shown in FIG. 10).
[0089] FIG. 15 schematically shows magnetic dipoles 1500 of grains 1001 in the presence of a magnetic field such
as G, corresponding to flux lines 1002, or as a result of permanent magnetization by a field conforming to easy directions
1400.
[0090] FIG. 16 schematically shows a cross section of easy directions 1600 of grains 1001 taken along view lines
16-16 (shown in FIG. 11). The view in FIG. 16 shows a cross section that is displaced, along the L1 axis, relative to the
view in FIG. 14, in a direction away from the center of die 1000. Easy directions 1600 are arranged in substantially the
same pattern as that in which easy directions 1400 (shown in FIG. 14) are arranged. This shows that field G (shown in
FIG. 10) may be sufficiently uniform in direction L1 that the orientation of grain 1001 easy directions substantially conforms
to flux lines 1002 of field G in direction L1. When edge effects are present, easy directions of grains 1001 near the edge
of die 1000 may not conform to flux lines 1002 of field G.
[0091] FIG. 17 schematically shows magnetic dipoles 1700 of grains 1001 in the presence of a magnetic field such
as G, corresponding to flux lines 1002, or as a result of permanent magnetization by a field conforming to easy directions
1600.
[0092] FIG. 18 shows illustrative block-shaped magnet 1800, which may be by compression of grains 1001 in die 1000
subject to magnetic field G. After compression, grains 1001 were sintered in an oven and cooled. A magnetic field H’
was applied to magnet 1800 to remagnetize magnet 1800 after sintering. Magnetic field G’ may be a substantially uniform
linear (i.e., not shaped) magnetic field. Magnetic field G’ may be shaped to coincide with the easy directions induced
prior to sintering by magnetic field G. After removal of magnetic field G’, magnet 1800 retains magnetic dipoles that
generate external magnetic field G".
[0093] Field G" at point P has normal component G"z and orthogonal horizontal components G"x and G"y. The magnitudes of the components may depend on the composition of grains 1001, the overall density of grains 1001, the degree
of compression of grains 1001, the strength of fields G and G’, the shape fields G and G’, magnet thickness t, magnet
diameter D and other factors.
[0094] Magnet 1800 may have hot side 1805. Magnet 1800 may include cold side 1807. Magnetic field strength
adjacent hot side 1805 may be greater than that adjacent cold side 1807.
[0095] Table 3 shows illustrative modeled field magnitudes G"z(x = xmidpoint, y= ymidpoint, z = 4 mm) for a magnet such
as 1800 when the average polarization is 1.02 Tesla, the magnet has horizontal dimensions of 30.15 +/- 0.05 mm and
13.8 +/-0.05 mm in the x- and y-directions, respectively, and a thickness in the z-direction of about 4.2 +/- 0.05 mm. The
illustrative values are based on finite element model solutions.
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[0096] Values greater than the hot side values shown in Table 3 may be achieved, for example, by increasing one or
more of the overall density of grains 201, the degree of compression of grains 201, the strength of field H, the strength
of field H’, the curvature of field H, the curvature of field H’ and any other suitable factor. The higher values may be from
about 1% to about 2%, from about 2% to about 3%, from about 3% to about 4%, from about 4% to about 5%, from about
5% to about 6%, from about 6% to about 7%, from about 7% to about 8%, from about 8% to about 9%, from about 9%
to about 10%, from about 10% to about 12%, from about 12% to about 14%, from about 14% to about 16%, from about
16% to about 18%, from about 18% to about 20%, from about 20% to about 25%, and from about 25% to about 30%
higher, or more than 30% higher, than the values shown in Table 3.
[0097] Values lesser than the cold side values shown in Table 3 may be achieved, for example, by increasing one or
more of the overall density of grains 201, the degree of compression of grains 201, the strength of field H, the strength
of field H’, the curvature of field H, the curvature of field H’ and any other suitable factor. The lower values may be from
about 1% to about 2%, from about 2% to about 3%, from about 3% to about 4%, from about 4% to about 5%, from about
5% to about 6%, from about 6% to about 7%, from about 7% to about 8%, from about 8% to about 9%, from about 9%
to about 10%, from about 10% to about 12%, from about 12% to about 14%, from about 14% to about 16%, from about
16% to about 18%, from about 18% to about 20%, from about 20% to about 25%, and from about 25% to about 30%
lower, or more than 30% lower, than the values shown in Table 3.
[0098] FIG. 19 shows illustrative magnetic torque coupler 1900. Torque coupler 1900 may include outer rotor 1902.
Torque coupler 1900 may include inner rotor 1904. Outer rotor 1902 may include one or more outer magnetic poles
such as 1906. Pole 1906 may be a magnet such as magnet 1800 (shown in FIG. 18). Inner rotor 1904 may include one
or more inner magnetic poles such as 1908. Pole 1908 may be a magnet such as magnet 1800. Pole 1906 may have
inner and outer radial faces that are concentric with each other. Pole 1908 may have inner and outer radial faces that
are concentric with each other. Pole 1906 may include sintered grains that have magnetic easy directions 1910 that are
patterned to focus magnetic flux toward a central region of pole 1908. Pole 1908 may include sintered grains that have
magnetic easy directions 1912 that are patterned to focus magnetic flux toward a central region of pole 1906. The flux
may be more focused than the focus of poles that generate radial flux.
[0099] Outer rotor 1902 may magnetically couple to inner rotor 1904 to transfer torque about axis L4. The focused
flux may provide 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24 or 25% more torque
transfer than rotors that are coupled by non-focused flux.
[0100] The poles may span arc α. The poles may be separated circumferentially by arc Δc. Outer pole 1906 may have
thickness to. Inner pole 1908 may have thickness ti. Outer pole 1906 may be set apart from inner pole 1908 by radial gap g.
[0101] Outer rotor 1902 may include annular support 1914. Inner rotor 1904 may include annular support 1916. The
annular supports may support the poles. One or both of the annular supports may include a high magnetic permeability
material. One or both of the annular supports may include a low permeability magnetic material.
[0102] FIG. 20 shows illustrative angle sensor 2000. Sensor 2000 may include magnetic 2002. Magnet 2002 may
have one or more features in common with magnet 900 (shown in FIG. 9). Magnet 2002 may include south pole region
2004. Magnet 2002 may include north pole region 2006. Magnet 2002 may include a central transitional region (not
shown) between south pole region 2004 and north pole region 2006. Magnet 2002 may be fixed to rod 2010. Magnet
2002 may rotate about axis L3 through angle α.
[0103] Sensor 2000 may include Hall effect sensor 2012. Hall effect sensor 2012 may include a circuit (not shown)
that is responsive to a magnetic field generated by magnet 2002. Hall effect sensor 2012 may be responsive to a
component of the magnetic field that is parallel to axis L3 at a location that is radially set apart from axis L3.
[0104] FIG. 21 shows a schematic cross section of magnet 2100. Magnet 2100 may include south pole region 2104.
Magnet 2100 may include north pole region 2106. Magnet 2100 may include central transitional region 2108 between
south pole region 2104 and north pole region 2106. Arrow B indicates that easy directions of grains in 2100 are substantially
parallel to a diameter of magnet 2100.
[0105] FIG. 22 shows a schematic cross section of magnet 2200. Magnet 2200 may include south pole region 2204.
Magnet 2200 may include north pole region 2206. Magnet 2200 may include central transitional region 2208 between
south pole region 2204 and north pole region 2206. Arrow C1 indicates that easy directions of grains in region 2204 are
substantially parallel to axis L3 of magnet 2200 and that corresponding magnetic dipoles are pointing "down." Arrow C2
indicates that easy directions of grains in region 2206 are substantially parallel to axis L3 of magnet 2200 and that
corresponding magnetic dipoles are pointing "up." Because of the alignment of the easy directions, magnet 2200 may
be said to have "axial 2-pole" magnetization.
[0106] FIG. 23 shows a schematic cross section of magnet 2300. Magnet 2300 may have one or more features in
common with magnet 900 (shown in FIG. 9). Magnet 2300 may include south pole region 2304. Magnet 2300 may
include north pole region 2306. Magnet 2300 may include central transitional region 2308 between south pole region
2304 and north pole region 2306. Arrows D1, D2, D 3, D4 and D5 indicate that the orientations of easy directions of grains
in magnet 2300 vary from region 2304 to region 2306.
[0107] FIG. 24 shows schematically press 2400. Press 2400, or any other suitable press, may be used to generate

11

EP 2 762 838 B1

5

10

15

20

25

30

35

40

45

50

55

the forces and fields shown in FIG. 2. Press 2400 may include punch 2402. Press 2400 may include punch 2404.
Punches 2402 and 2404 may be aligned along axis L3. Press 2400 may include die 2406. Press 2400 may include coils
2408. Coils 2408 may be aligned along axis L2. Axis L2 may perpendicular to axis L3. Magnetic powder 2401 may be
deformed in die 2406 while subjected to a magnetic field generated by coils 2408.
[0108] FIG. 25 shows schematically press 2500. Press 2500, or any other suitable press, may be used to generate
the forces and fields shown in FIG. 11. Press 2500 may include punch 2502. Press 2500 may include punch 2504.
Punches 2502 and 2504 may be aligned along axis L3. Press 2500 may include die 2506. Press 2500 may include coils
2508. Coils 2508 may be aligned along axis L3. Axis L2 may perpendicular to axis L3. Magnetic powder 2501 may be
deformed in die 2506 while subjected to a magnetic field generated by coils 2508.
[0109] FIG. 26 shows illustrative powder compact shapes represented by 2-dimensional views 2630, 2640, 2650 and
2660. The views are intended to be illustrative of views parallel to axis L2 and views parallel to axis L3. One or more of
the shapes may be produced using a press such as press 2400 or any other suitable press. One or more of the shapes
may be produced using a press such as press 2500 or any other suitable press. The powder compacts having the shapes
may have one or more of the features of magnet 900 (shown in FIG. 9). The powder compacts having the shapes may
have one or more of the features of magnet 1800 (shown in FIG. 18).
[0110] FIG. 27 shows an illustrative finite element solution of magnetic field strength and direction inside a 3-dimensional
quadrant of a powder compact such as one that may be used for preparation of a magnet such as magnet 900 (shown
in FIG. 9) in the presence of an external magnetic field such as H (shown in FIG. 2).
[0111] FIG. 28 shows an illustrative finite element solution of magnetic field strength and direction inside a quadrant
such as the quadrant shown in FIG. 27, but after compaction in the presence of external field H (shown in FIG. 2),
sintering, cooling, and magnetization by a field such as H’ (discussed above).
[0112] FIG. 29 shows circumferential field strength (H"θ, in FIG. 9, but identified in FIG. 29 as "B on axis") at different
distances (z, in FIG. 9) from the center of a face of a cylindrical magnet having diameter 6.5 mm, thickness 2.5 mm and
partial composition 2% Sm, 17% Co and average polarization of 1.05 Tesla. Curve 2910 is calculated strength when
the magnet has diametric magnetization. Curve 2920 is calculated strength when the magnet has magnetization that
varies across the magnet, such as in magnet 900 (shown in FIG. 9). Curve 2930 is measured strength for an actual
magnet corresponding to curve 2920. The magnet having varying magnetization has, at a given distance from the
surface, about 20% greater field strength than calculated for the diametrically magnetized magnet. The magnet having
varying magnetization has a field that, for a given strength, has 5 mm greater "reach" than calculated for the diametrically
magnetized magnet. The magnet having varying magnetization can have a volume that is 30% less than the calculated
volume of diametrically magnetized magnet and produce a field of equivalent strength adjacent the face.
[0113] FIG. 30 shows axial field strength (H"z, in FIG. 9 and identified in FIG. 30 as "Baxial") at different distances z
(shown in FIG. 9), with r set at 1.1 mm, from a face of a cylindrical magnet having diameter 6.5 mm, thickness 2.5 mm
and partial composition 2% Sm, 17% Co. Curve 3010 is calculated strength when the magnet has diametric magnetization.
Curve 3020 is calculated strength when the magnet has magnetization that varies across the magnet, such as in magnet
900 (shown in FIG. 9). Curve 3030 is measured strength for an actual magnet corresponding to curve 3020. (Curve
3030 includes data only at distance = 2.5 and 3 mm and plots on top of curve 3020 at those distances.)
[0114] FIG. 31 shows illustrative transverse press 3100. Transverse press 3100 may have one or more features in
common with the arrangement shown in FIG. 2. Transverse press 3100 may have one or more features in common with
press 2400 (shown in FIG. 24). Transverse press 3100 may include compression punches 3102 and 3104. Punch 3102
may include boot 3112. Punch 3104 may include boot 3114. Punches 3102 and 3104 may compress powder 3101 in
die 3106 in a direction that is transverse to a magnetic field (shown in arrow) induced by coils 3108 and amplified by
cores 3110.
[0115] FIG. 32 shows illustrative transverse press 3200. Transverse press 3200 may have one or more features in
common with the arrangement shown in FIG. 2. Transverse press 3200 may have one or more features in common with
press 2400 (shown in FIG. 24). Transverse press 3200 may include compression punches 3202 and 3204. Punch 3202
may include boot 3212. Punch 3204 may include boot 3214. Punches 3202 and 3204 may compress powder 3201 in
die 3206 in a direction that is largely transverse to a magnetic field (shown in arrow) induced by coils (not shown) and
amplified by cores (not shown). Press 3200 may include field adjustment ring 3216.
[0116] One or more of punch 3202, punch 3204, boot 3212, boot 3214, die 3206 and ring 3216 may include high
permeability material to deflect the magnetic field along axis L3, as shown, for example, in FIG. 2. One or more of punch
3202, punch 3204, boot 3212, boot 3214, die 3206 and ring 3216 may include low permeability material to deflect the
magnetic field along axis L3, as shown, for example, in FIG. 2. In some embodiments, punch 3204, boot 3214 and ring
3216 may include high permeability materials and punch 3202, boot 3212 and die 3206 may include low permeability
materials. Punch 3202, boot 3212 and die 3206 may include exclusively low permeability materials.
[0117] High permeability materials may include any suitable high permeability materials. Die 3206 may be displaced
along axis L3 during compression of powder 3201. Displacing die 3206 during compression may improve the conformance
of grain easy directions to a field such as H (shown in FIG. 2). Displacing die 3206 during compression may increase
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the curvature (or decrease the radius of curvature) of contours along which grain easy directions are aligned.
[0118] FIG. 33 shows schematic finite element solution 3300 showing field direction and magnitude at different locations
in a cross section of a magnet produced by press 3200 (shown in FIG. 32).
[0119] FIG. 34 shows contours 3400 of constant magnetic field strength around a magnet having diametric magnetization.
[0120] FIG. 35 shows contours 3500 of constant magnetic field strength, corresponding to a field such as H", about
magnet such as 800 (shown in FIG. 9) having the same external dimensions as the magnet illustrated in FIG. 34.
[0121] FIG. 36 shows circumferential field strength (H"θ, in FIG. 9, but identified in FIG. 36 as "Bx") at different distances
(z, in FIG. 9) from the center of a face of a cylindrical magnet having diameter 6.5 mm, thickness 2.5 mm and partial
composition 25% Sm, 50% Co. Curve 3610 is calculated strength when the magnet has diametric magnetization. Curve
3620 is calculated strength when the magnet has magnetization that varies across the magnet, such as in magnet 900
(shown in FIG. 9).
[0122] FIG. 37 shows axial field strength (H"z, in FIG. 9 and identified in FIG. 37 as "Baxial") at different distances z
(shown in FIG. 9), with r set at 1 mm, from a face of a cylindrical magnet having diameter 6.5 mm, thickness 2.5 mm
and partial composition 25% Sm, 50% Co. Curve 3710 is calculated strength when the magnet has diametric magnetization. Curve 3720 is calculated strength when the magnet has magnetization that varies across the magnet, such as
in magnet 900 (shown in FIG. 9).
[0123] FIG. 38 shows illustrative axial press 3800. Axial press 3800 may have one or more features in common with
the arrangement shown in FIG. 10. Axial press 3800 may have one or more features in common with press 2500 (shown
in FIG. 25). Axial press 3800 may include compression punches 3802 and 3804. Punch 3802 may include boot 3812.
Punch 3804 may include boot 3814. Punches 3802 and 3804 may compress powder 3801 in die 3806 in a direction that
is axial to a magnetic field (shown in arrow) induced by coil 3808.
[0124] FIG. 39 shows illustrative axial press 3900. Axial press 3900 may have one or more features in common with
the arrangement shown in FIG. 10. Axial press 3900 may have one or more features in common with press 2500 (shown
in FIG. 25). Axial press 3900 may include compression punches 3902 and 3904. Punch 3902 may include boot 3912.
Punch 3904 may include boot 3914. Punches 3902 and 3904 may compress powder 3901 in die 3906 in a direction that
is largely axial to a magnetic field (shown in arrow) induced by coil 3916.
[0125] One or more of punch 3902, punch 3904, boot 3912, boot 3914 and die 3906 may include high permeability
material to deflect the magnetic field relative to axis L3, as shown, for example, in FIG. 10. One or more of punch 3902,
punch 3904, boot 3912, boot 3914 and die 3906 may include low permeability material to deflect the magnetic field
relative to axis L3, as shown, for example, in FIG. 10. In some embodiments, punch 3902 and punch 3904 may include
high permeability material and boot 3912, boot 3914 and die 3906 may include low permeability material. Boot 3912,
boot 3914 and die 3906 may include exclusively low permeability material.
[0126] High permeability materials may include any suitable high permeability materials. Low permeability materials
may include any suitable low permeability materials. Die 3906 may be displaced along axis L3 during compression of
powder 3901. Displacing die 3906 during compression may improve the conformance of grain easy directions to a field
such as G (shown in FIG. 10). Displacing die 3906 during compression may increase the curvature (or decrease the
radius of curvature) of contours along which grain easy directions are aligned.
[0127] FIG. 40 shows illustrative axial press 4000. Axial press 4000 may have one or more features in common with
the arrangement shown in FIG. 10. Axial press 4000 may have one or more features in common with press 2500 (shown
in FIG. 25). Axial press 4000 may include compression punches 4002 and 4004. Punch 4002 may include boot 4012.
Punch 4004 may include boot 4014. Punches 4002 and 4004 may compress powder 4001 in die 4006 in a direction that
is largely axial to a magnetic field (shown in arrow) induced by coil 4016.
[0128] One or more of punch 4002, punch 4004, boot 4012, boot 4014 and die 4006 may include high permeability
material to deflect the magnetic field relative to axis L3, as shown, for example, in FIG. 10. One or more of punch 4002,
punch 4004, boot 4012, boot 4014 and die 4006 may include low permeability material to deflect the magnetic field
relative to axis L3, as shown, for example, in FIG. 10.
[0129] Die 4006 may include ring 4018. Ring 4018 may be have any suitable radius, any suitable radial thickness,
any suitable axial thickness, any suitable cross-sectional geometry, may be positioned in any suitable location relative
to die 4006 and may include any suitable composition. In some embodiments, press 4000 may include a ring such as
4018 that is not within die 4006. Punch 4002 and die 4006, apart from ring 4018, may include low permeability material.
Punch 4002 and die 4006, apart from ring 4018, may include exclusively low permeability material.
[0130] One or both of the punches may be shaped to enhance deflection of a field such as G (shown in FIG. 10). One
or both of the punches may be shaped to enhance deflection of a field such as G (shown in FIG. 10). For example,
punch 4004 may include 4020. Nose 4020 may include high permeability material. Nose 4020 may replace a portion of
boot 4014, which includes low permeability material. Boot 4014 may include recess 4022, which may conform to nose
4020. Nose 4020 may increase the focusing of field G. In some embodiments, boot 4014 may include a low permeability
nose (not shown) and punch 4004 may include a corresponding recess.
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[0131] FIG. 41 shows an illustrative finite element solution showing magnetic field strength and direction in portions
of die 4006, powder 4001 and punch 4004. The magnetic field may be a field such as field G (shown in FIG. 10).
[0132] FIG. 42 shows illustrative finished magnet 4200. Magnet 4200 may have been prepared by sintering and
remagnetizing powder 4101. Magnet 4200 may have been produced using one or more of the processes that were used
in connection with magnet 1800 (shown in FIG. 18).
[0133] FIG. 43 shows schematically illustrative torque coupler 4300. Coupler 4300 may define radial direction R.
Coupler 4300 may include outer rotor 4302 and inner rotor 4304. Torque, in direction τ, may be transferred magnetically
between outer rotor 4302 and inner rotor 4304. Outer rotor 4302 may include magnetic poles 4306 and 4308. Inner rotor
4304 may include magnetic poles 4310 and 4312, which may be radially opposite poles 4306 and 4308. Contours 4314
show magnetic field strengths in gap 4316 between the opposing poles. Arrows show that the poles include magnetic
dipoles that are approximately radially oriented.
[0134] The calculated peak field in gap 4316 is 0.71 Tesla.
[0135] FIG. 44 shows schematically illustrative torque coupler 4400. Coupler 4400 may define radial direction R.
Coupler 4400 may include outer rotor 4402 and inner rotor 4404. Torque, in direction τ, may be transferred magnetically
between outer rotor 4402 and inner rotor 4404. Outer rotor 4402 may include magnetic poles 4406 and 4408. Inner rotor
4404 may include magnetic poles 4410 and 4412, which may be radially opposite poles 4406 and 4408. Contours 4414
show magnetic field strengths in gap 4416 between the opposing poles.
[0136] Arrows indicate that the poles include magnetic dipoles that are focused in the radial or anti-radial direction.
For example, each of poles 4406, 4408, 4410 and 4412 may have been prepared in the manner of preparation described
in connection with magnet 1800 (shown in FIG. 18) . Poles 4406, 4408, 4410 and 4412 may have one or more features
in common with the poles shown and described in connection with coupler 1900 (shown in FIG. 19).
[0137] The calculated peak field in gap 4416 is 0.86 Tesla.
[0138] Calculated torque τ in coupler 4400 is 20% greater than calculated torque τ in coupler 4300 (shown in FIG. 43).
[0139] Thus, magnets having oriented grains, apparatus and methods for making the magnets, and apparatus incorporating the magnets, have been provided. Persons skilled in the art will appreciate that the present invention can be
practiced by other than the described embodiments, which are presented for purposes of illustration rather than of
limitation. The present invention is limited only by the claims that follow.

Claims
1.

a sintered powder magnet (200, 2002) having a planar face normal to a rotation axis (L3); and
a sensor (2012) configured to output a voltage that is proportional to an angular displacement between the
magnet and the sensor, the magnet comprising grains that have magnetic dipoles that form a curved pattern
that, at the axis, is substantially tangent the face, the sensor sensing a component of a magnetic field from the
magnet that is parallel to the rotation axis at a location radially set apart from the rotation axis.
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An angular displacement indicator comprising:

2.

The angular displacement indicator of claim 1 wherein the sensor is a Hall effect sensor.

3.

The angular displacement indicator of claim 1 or 2 wherein the pattern is a parabolic pattern.

4.

The angular displacement indicator of claim 1 or 2 wherein the pattern is a hyperbolic pattern.

5.

The angular displacement indicator of any one of claims 1 to 4, the sintered powder magnet further comprising:

45

a plurality of first sintered grains having first magnetic easy directions aligned substantially parallel to the face;
a plurality of second sintered grains, on one side of the first sintered grains, the second sintered grains having
second magnetic easy directions aligned together and inclined obliquely relative to the face; and
a plurality of third sintered grains, on an opposite side of the first sintered grains, the third sintered grains having
third magnetic easy directions that substantially mirror the second easy directions.
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6.

The angular displacement indicator of claim 5, wherein:

55

the first magnetic easy directions define an average direction that is aligned with the face; and
at least 97% of the first magnetic easy directions are aligned within about 5 degrees of the face.

14
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7.

The angular displacement indicator of claim 5 or 6, wherein the first, second and third sintered grains are part of a
grain network that is interconnected exclusively by contemporaneously grown intergranular necks.

8.

The angular displacement indicator of claim 5, 6, or 7, wherein easy directions in the network vary substantially
continuously between the second and first sintered grains and between the first and third sintered grains.

5

Patentansprüche
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1.

Winkelverschiebungsmesser aufweisend:
einen Sinterpulver-Magnet (200, 202), der senkrecht zu einer Rotationsachse (L3) eine planare Fläche hat; und
einen Sensor (2012), der konfiguriert ist, eine Spannung auszugeben, die proportional zu einer Winkelverschiebung zwischen dem Magnet und dem Sensor ist,
wobei der Magnet Körner aufweist, die Magnetdipole haben, die ein gebogenes Muster bilden, das an der Achse
im Wesentlichen tangential zur Fläche ist, und der Sensor eine Komponente eines Magnetfelds des Magnets
misst, die an einem Ort, der radial abseits von der Rotationsachse ist, parallel zur Rotationsachse ist.
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2.

Winkelverschiebungsmesser nach Anspruch 1, wobei der Sensor ein Halleffekt-Sensor ist.

3.

Winkelverschiebungsmesser nach Anspruch 1 oder 2, wobei das Muster ein parabolisches Muster ist.

4.

Winkelverschiebungsmesser nach Anspruch 1 oder 2, wobei das Muster ein hyperbolisches Muster ist.

5.

Winkelverschiebungsmesser nach einem der Ansprüche 1 bis 4, wobei der Sinterpulver-Magnet ferner aufweist:

20
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mehrere erste gesinterte Körner, die erste magnetische Vorzugsrichtungen haben, die im Wesentlichen parallel
zu der Fläche ausgerichtet sind,
mehrere zweite gesinterte Körner auf der einen Seite der ersten gesinterten Körner, wobei die zweiten gesinterten Körner zweite magnetische Vorzugsrichtungen haben, die zusammen ausgerichtet sind und relativ zu
der Fläche schräg geneigt sind; und
mehrere dritte gesinterte Körner auf der anderen Seite der ersten gesinterten Körner, wobei die dritten gesinterten Körner dritte magnetische Vorzugsrichtungen haben, die im Wesentlichen spiegelbildlich zu den zweiten
Vorzugsrichtungen sind.

30

35

6.

Winkelverschiebungsmesser nach Anspruch 5, wobei:
die ersten magnetischen Vorzugsrichtungen eine durchschnittliche Richtung definieren, die mit der Fläche
ausgerichtet ist; und
mindestens 97% der ersten magnetischen Vorzugsrichtungen innerhalb von etwa 5 Grad mit der Fläche ausgerichtet sind.
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7.

Winkelverschiebungsmesser nach Anspruch 5 oder 6, wobei die ersten, zweiten und dritten gesinterten Körner Teil
eines Körnernetzwerks sind, das ausschließlich durch gleichzeitig gewachsene intergranuläre Hälse vernetzt ist.

8.

Winkelverschiebungsmesser nach Anspruch 5, 6 oder 7, wobei Vorzugsrichtungen in dem Netzwerk sich im Wesentlichen kontinuierlich zwischen den zweiten und ersten gesinterten Körnern und zwischen den ersten und dritten
gesinterten Körnern verändern.
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Revendications
1.
55

Indicateur d’écart angulaire, comprenant :
un aimant de type poudre frittée (200, 2002) présentant une face plane perpendiculaire à un axe de rotation
(L3) ; et
un capteur (2012) conçu pour délivrer en sortie une tension qui est proportionnelle à un écart angulaire entre
l’aimant et le capteur, l’aimant comprenant des grains qui ont des dipôles magnétiques qui forment un motif

15
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courbe qui, au niveau de l’axe, est sensiblement tangent à la face, le capteur détectant une composante de
champ magnétique issu de l’aimant qui est parallèle à l’axe de rotation en un emplacement radialement à l’écart
de l’axe de rotation.
5

2.

Indicateur d’écart angulaire selon la revendication 1, dans lequel le capteur est un capteur à effet Hall.

3.

Indicateur d’écart angulaire selon la revendication 1 ou 2, dans lequel le motif est un motif parabolique.

4.

Indicateur d’écart angulaire selon la revendication 1 ou 2, dans lequel le motif est un motif hyperbolique.

5.

Indicateur d’écart angulaire selon l’une quelconque des revendications 1 à 4, l’aimant de type poudre frittée comprenant en outre :

10

une pluralité de premiers grains frittés ayant des premiers axes aisés magnétiques, alignés de façon sensiblement parallèle à la face ;
une pluralité de deuxièmes grains frittés, d’un côté des premiers grains frittés, les deuxièmes grains frittés ayant
des deuxièmes axes aisés magnétiques, alignés entre eux et inclinés en oblique par rapport à la face ; et
une pluralité de troisièmes grains frittés, d’un côté opposé des premiers grains frittés, les troisièmes grains
frittés ayant des troisièmes axes aisés magnétiques qui sont sensiblement en miroir des deuxièmes axes aisés.

15
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6.

Indicateur d’écart angulaire selon la revendication 5, dans lequel :
les premiers axes aisés magnétiques définissent un axe moyen qui est aligné avec la face ; et
au moins 97 % des premiers axes aisés magnétiques sont alignés à environ 5 degrés près avec la face.

25

30

7.

Indicateur d’écart angulaire selon la revendication 5 ou 6, dans lequel les premiers, deuxièmes et troisièmes grains
frittés font partie d’un réseau de grains qui est interconnecté exclusivement par des cols intergranulaires de croissance contemporaine.

8.

Indicateur d’écart angulaire selon la revendication 5, 6 ou 7, dans lequel des axes aisés dans le réseau varient de
façon sensiblement continue entre les deuxièmes et les premiers grains frittés et entre les premiers et les troisièmes
grains frittés.
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