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Description

The present invention generally relates to a method as specified in the preamble of claim 4, for enhancing the
magnetic permeability of an article formed from coated ferromagnetic particles as specified in the preamble of claim
1. More particularly, this invention relates to a method in which a compression-moulded magnetic article is formed from
ferromagnetic particles which are coated with a polymeric material, and then annealed so as to substantially relieve
the stresses induced in the magnetic article during the compression-moulding process without significantly deteriorating
the polymeric coating material, such that the magnetic article exhibits enhanced magnetic permeability without a sig-
nificant loss in mechanical properties.

The use of powdered metals, and particularly iron and its alloys, is known for forming magnets, such as soft mag-
netic AC cores for transformers, inductors, motors, generators, and relays. An advantage to using powdered metals
is that forming operations, such as compression, injection-moulding, or isostatic pressing techniques, can be used to
form intricate moulded part configurations, such as magnetic cores, without the requirement for additional machining
and/or piercing operations. As aresult, the formed part is often substantially ready for use within its working environment
as formed by the moulding process.

Moulded magnetic cores for AC applications generally should have low magnetic core losses. To provide low core
losses, the individual metal particles within the magnetic core must be electrically insulated from each other. Numerous
types of insulating materials, which also act as the binder required for moulding, have been suggested by the prior art,
including inorganic materials such as iron phosphate and alkali metal silicates, as well as an extensive variety of organic
polymeric materials. It is also known to coat a powdered metal with an inorganic undercoating and then provide an
organic topcoat. In addition to providing adequate insulation and adhesion between the metal particles upon moulding,
the coating material should also have the ability to provide sufficient lubrication during the moulding operation so as
to enhance the flowability and compressibility of the particles, therefore enabling the moulded product to attain maxi-
mum density and strength.

A shortcoming of the prior art arises in that the maximum operating temperature of a magnetic core will often be
determined by the heat-resistant properties of the insulating material used to adhere the metal particles together. It is
essential that the integrity of the insulating material should be maintained so as to insulate the individual metal particles
from one another and thereby provide low core losses for AC applications. If the magnetic core is exposed to a tem-
perature which exceeds the degradation temperature of the coating material, the ability of the coating material to en-
capsulate and adhere the particles will likely be degraded, which could ultimately destroy the magnetic core. Even
where physical destruction of the magnetic core does not occur, the magnetic field characteristics of the magnetic core
will likely be severely impaired because of the degradation of the insulating capability of the coating material due to
the elevated temperatures.

Polybenzimidazole (PBI), aromatic polyamides such as polyphthalamide (PPA), and certain polyimides have been
found to perform well as the coating material for powdered iron and/or powdered iron alloys. Each of these preferred
polymers have operating temperatures, as defined by their heat-deflection temperatures, which permit their use in
high-temperature applications of greater than about 270°C. As a result, these preferred polymers perform well, partic-
ularly with respect to their ability to withstand relatively high operating temperatures such that the mechanical properties
and desired magnetic characteristics of the moulded magnetic core do not deteriorate at high temperatures.

Polybenzimidazole, an aromatic polyamide such as polyphthalamide, and the preferred polyimides also have the
ability to adhere well to the underlying iron particles, bind the iron particles together, and resist thermal and chemical
attack, whilst also serving as a lubricant during the compression-moulding process so as to promote high density and
strength of the magnetic core. The ability of an encapsulating material to serve as a lubricant during the moulding
process is also important in that unsuitably low densities correspond to a lower magnetic permeability of the magnetic
core.

However, a shortcoming associated with compression-moulded magnetic cores is that work-hardening occurs
during the compression-moulding process, inducing stresses within the magnetic cores that result in reduced magnetic
permeability and possibly higher core losses. As an example, the magnetic permeability of magnetic cores formed by
conventional compression-moulding techniques typically does not exceed about 125 Gauss/Oersteds (G/Oe) at about
50 oersteds field intensity and about 100 to about 400 Hz. As a result, magnetic cores which are compression-moulded
from encapsulated iron particles generally do not exhibit sufficiently high magnetic permeability to be useful in AC
applications such as generators, stator cores, transformers and the like, which require magnetic permeability in excess
of about 175 G/Oe as measured at about 50 oersteds field intensity and about 100 to about 400 Hz.

To relieve the undesirable stresses induced during compression-moulding, it would be necessary to anneal a
magnetic core at a temperature of at least about 450°C, and then cool the magnetic core without quenching. However,
polymer coatings generally cannot withstand such temperatures, and tend to degrade and pyrolyze, causing a signif-
icant loss of strength and magnetic properties in the magnetic core.

Thus, it would be desirable to provide a method for enhancing the magnetic permeability of compression-moulded
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magnetic cores which are formed from encapsulated powdered metals, wherein the coating material has the ability to
withstand processing temperatures which are sufficient to anneal the magnetic core so as to relieve the stresses in-
duced by the compression-moulding process. Furthermore, it would be desirable that such a method should not cause
a corresponding loss in the mechanical properties and magnetic characteristics of the moulded magnetic core as a
result of the degradation and/or pyrolyzation of the coating material during annealing. In addition, such a coating ma-
terial should be soluble in a suitable solvent, and capable of improving lubrication during the moulding process and
providing adhesion between the metal particles after moulding, so as to attain maximum density and strength of the
as-moulded article.

A method for forming a magnetic article suitable for extended high temperature use according to the present
invention is characterised by the features specified in the characterising portion of claim 4. A compression-moulded
magnetic core according to the present invention is characterised by the features specified in the characterising portion
of claim 1.

It is an object of this invention to provide a method for enhancing the magnetic permeability of compression-
moulded magnetic cores which are formed from encapsulated powdered metals.

Itis a further object of this invention that such a method should entail the use of a coating material for encapsulating
the powdered metal particles, wherein the coating material is capable of withstanding temperatures sufficient to anneal
a magnetic core which has been compression-moulded from the encapsulated metal particles, such that stresses
induced in the magnetic core by the compression-moulding process can be relieved without a significant deterioration
in the mechanical properties and magnetic characteristics of the magnetic core as a result of the degradation and/or
pyrolyzation of the coating material during annealing.

It is yet another object of this invention that such a coating material should have high strength and insulating
properties, such that the coating material is capable of strongly adhering the metal particles together so as to permit
immediate handling and use of the magnetic core after the moulding process, and such that the metal particles are
sufficiently insulated from each other so as to promote low core losses in the magnetic core.

It is a still a further object of this invention that such a coating material should also exhibit high compressibility so
as to facilitate compression-moulding of the metal particles, thereby optimising the density of the magnetic core pro-
duced.

Lastly, it is yet another object of this invention that such a coating material should be capable of being deposited
onto the metal particles using such methods as a fluidised bed process.

In accordance with a preferred embodiment of this invention, these and other objects and advantages are accom-
plished as follows.

According to the present invention, there is provided a method for enhancing the magnetic permeability of com-
pression-moulded magnetic cores which are formed from encapsulated powdered metals, wherein the method entails
the use of coating materials for encapsulating, i.e., coating, the powdered metals, such as iron and iron alloys, which
are capable of withstanding temperatures that are sufficient to anneal the magnetic core. As a result, the stresses
induced in the magnetic core by the compression-moulding process can be relieved without a substantial loss in the
mechanical properties and magnetic characteristics of the magnetic core as a consequence of the degradation of the
coating material during annealing.

The coating materials which have been determined to be most capable of withstanding the necessary annealing
temperatures are polybenzimidazole (PBI) and specific polyimides (Pl) having a heat-deflection temperature of at least
about 400°C.

It has been determined that magnetic articles compression-moulded from metal particles encapsulated with these
preferred coating materials can sustain temperatures, generally in excess of about 450°C, for a duration which is
sufficient to relieve the work-hardening stresses that are induced by the compaction process. The elimination of these
stresses is believed to enhance the magnetic permeability of the magnetic article. According to this invention, the
preferred coating materials do not significantly degrade or pyrolyze at these annealing temperatures, thus alleviating
any loss in mechanical properties such as strength, and/or magnetic properties such as permeability, of the magnetic
core.

Each of the preferred coating materials has a heat-deflection temperature in excess of about 400°C, such that
magnetic articles moulded from metal particles coated with any of the preferred coating materials are particularly suit-
able for use at relatively high operating temperatures. Specifically, these coating materials enable the magnetic core
to substantially retain its mechanical and magnetic properties at operating temperatures up to at least the corresponding
heat-deflection temperature of the particular coating material used.

The preferred coating materials are also sufficiently soluble, highly resistant to chemical attack, and exhibit rela-
tively high strength and good dielectric properties. As a result, the coating materials can be applied by fluidised bed
processes, and are suitable for use in applications which require high strength and insulating properties within a rela-
tively high temperature environment. The coating materials are capable of adhering the metal particles together strongly
so as to form a moulded article using a compression-moulding process. Furthermore, core losses produced by the
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insulating effect of the coating materials are suitably low to ensure the desired magnetic characteristics of the magnetic
core. Finally, the coating materials are sufficiently lubricous to promote compaction and densification during the com-
pression-moulding process. The above capabilities are particularly advantageous for the manufacture of magnetic
cores which are compression-moulded from the coated metal particles.

The preferred coating materials can achieve the above advantages whilst being present in relatively low quantities,
i.e., less than about one weight percent as compared to the mass of the encapsulated metal particles. The coated
metal particles are introduced into a suitable moulding apparatus, such as a compression or injection-moulding machine
or isostatic press, where the coated metal particles are compressed within a heated mould cavity under a suitably high
pressure to compact the coated metal particles to produce a dense, strong and solid magnetic article.

The magnetic article is annealed at a temperature and for a duration which are sufficient to relieve the work-
hardening induced by the moulding process, so as to enhance the magnetic permeability of the magnetic article, and
is then allowed to cool, preferably at a rate slow enough to avoid the formation of thermally-induced stresses. The
preferred coating materials are capable of withstanding the annealing process, such that there is no significant deg-
radation or pyrolyzation of the coating material. Consequently, no significant loss in the strength or the AC magnetic
properties of the magnetic article occurs as a result of a detrimental change in the preferred coating materials. Thus,
magnetic cores which are compression-moulded from metal particles encapsulated with the preferred coating materials
of this invention exhibit sufficiently high magnetic permeability to be useful in AC applications such as generators,
stator cores, transformers and the like, which require magnetic permeability such as in excess of about 175 G/Oe as
measured at about 50 oersteds field intensity and about 100 to about 400 Hz.

Other objects and advantages of this invention will be better appreciated from the following detailed description
taken in conjunction with the accompanying drawings in which:

Figures 1 and 2 are graphs which illustrate the effect that various annealing temperatures have on the mechanical
properties of magnetic articles formed in accordance with this invention; and

Figure 3 is a graph which illustrates the effect that annealing has on the permeability of magnetic articles formed
in accordance with this invention.

Ranges specified herein are understood to be extendable slightly beyond the limits quoted in some cases, without
significantly affecting the results sought to be achieved, as is well known in the art.

The method of this invention involves the use of a group of polymeric coating materials for coating powdered
materials, and more particularly, for encapsulating powdered iron and ferromagnetic iron alloys which are moulded
under pressure so as to form, for example, magnets that are particularly suitable for use as AC magnetic cores used
in the automotive industry. The preferred polymeric coating materials are capable of withstanding elevated tempera-
tures which are sufficient to anneal the magnetic cores for the purpose of relieving stresses induced during the moulding
process, so as to result in the enhancement of the magnetic permeability of the magnetic cores. It is to be noted that
the moulding of other types of articles is also within the scope of the claims of this invention.

According to the present invention, the preferred polymeric materials are polybenzimidazole (PBI) and polyimides
(Pl) having heat-deflection temperatures of at least about 400°C. Such polyimides include those derived from 3-4'
oxydianiline and polymethylene dianiline. Polybenzimidazole is available under the tradename Celazole U-60 from the
Hoechst Celanese Corporation, USA. A preferred polyimide that is derived from 3-4'oxydianiline and polymethylene
dianiline is available under the tradename Imitech 201A from Imitech, USA. It is to be noted that although these are
the preferred polymeric coatings of this invention, it is foreseeable that other polymers having a suitably high heat-
deflection temperature could also be foreseeably used. In addition, it is possible that thermoset polymers could be
used, however a suitable high-temperature epoxy resin would be required.

Each of the preferred coating materials is characterised by excellent mechanical properties and dielectric charac-
teristics over a temperature range which exceeds at least about 400°C, as generally determined by a standardised
heat-deflection temperature per ASTM test D-648 entitled "Deflection Temperature of Plastics Under Flexural Load",
wherein a sheet of the polymeric material is supported at three points and deflection is measured as a function of
increasing temperature of the polymeric material.

Polybenzimidazole has a heat-deflection temperature of about 435°C, whilst the preferred polyimides, which are
derived from 3-4'oxydianiline and polymethylene dianiline, have heat-deflection temperatures of at least about 400°C.
It was first thought that these materials would not retain their integrity at higher annealing temperatures, thus causing
a degradation in the integrity of the moulded article formed from the mass of encapsulated particles. Yet, it was deter-
mined that moulded articles formed from ferromagnetic metal particles coated with the preferred polybenzimidazole
are able to withstand annealing temperatures of at least about 500°C for an hour, allowing such magnetic cores to be
annealed to relieve the stresses induced during the moulding process. In addition, moulded articles formed from fer-
romagnetic particles coated with the preferred polyimide, such as those derived from 3-4'oxydianiline and polymeth-
ylene dianiline, are also able to withstand annealing temperatures of at least about 450°C for an hour. Even at these
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relatively high temperatures, the integrity of the physical and dielectric properties of the magnetic core are retained,
resulting in little, if any, degradation in the magnetic characteristics of the moulded article, such as measured by mag-
netic core loss.

In addition, the preferred coating materials are each soluble in a suitable solvent, thereby permitting their use in
the preferred Wurster-type fluidised coating process described above and known in the art. Specifically, polybenzimi-
dazole is soluble in 1-methyl-2-pyrrolidone with lithium chloride, and the preferred polyimides are generally soluble in
N-methyl-2-pyrrolidone, though it is foreseeable that other suitable solvents exist and could be used. However, the
preferred coating materials of this invention tend to be insoluble in solutions other than their named solvents, thereby
making them substantially impervious to chemical attack within most environments, such as that for an engine com-
ponent of an automobile.

The solubility of both polybenzimidazole and the preferred polyimide in at least one solvent is advantageous in
view of the preferred coating and moulding processes utilised by the present invention. Though it is foreseeable that
the preferred coating materials, and particularly polybenzimidazole, could be used in a slurry-coating process which
does not require that the coating material be first dissolved in a solvent. However, it is generally preferable to use a
fluidised coating process, wherein the preferred polymer is in solution so as to achieve a more uniform coating on the
powdered materials, thereby promoting low core losses.

According to the present invention, magnetic articles which are moulded from ferromagnetic particles encapsulated
with the preferred coating materials are capable of withstanding annealing temperatures of at least 450°C for a duration
sufficient to relieve the stresses induced by the moulding process, so as to enhance the magnetic permeability of the
magnetic article. After annealing, the mechanical and physical properties of the preferred coating materials are retained
to provide sufficient adhesion between adjacent metal particles, so as to sustain the desired strength and shape of the
magnetic core after moulding. Furthermore, the insulating capability of the preferred coating materials is sufficiently
retained to minimise magnetic core losses in the moulded article.

The usable temperature for ferromagnetic metal particles coated with any of the preferred coating materials is in
excess of about 375°C, thus permitting their extended use in high-temperature applications. Correspondingly, the
magnetic core loss properties of the moulded article are also retained at these elevated temperatures.

The preferred coating materials also have desirable flow and feed properties, and are compressible and dense,
making them highly suitable for use in compression-moulding processes. As a result, the preferred coating materials
can be readily handled with conventional delivery equipment. Furthermore, maximum metal particle density can be
achieved with a compression-moulding process.

Each of the preferred coating materials is able to achieve the above advantages whilst being present in quantities
lower than about one weight percent, as compared to the total weight of the encapsulated metal particles. Most pref-
erably, polybenzimidazole is present in the range of about 0.5 to about one weight percent, and the preferred polyimide
is present in the range of about 0.25 to about 0.75 weight percent. It is foreseeable that greater quantities of the
preferred coating materials could be used, though a corresponding change in physical properties and/or a reduction
in magnetic permeability of the moulded article may result.

The balance of the moulded article, about 99 weight percent, consists of ferromagnetic particles sized preferably
in the range of about 5 to about 400 micrometres, and more preferably in the range of about 25 to about 350 microme-
tres, so as to attain magnetic cores of high permeability, as is discussed more fully later.

The preferred method for coating the ferromagnetic metal particles utilises a Wurster-type spray-coating fluidised
bed of the type known to those skilled in the art, although other methods which produce a uniform coating on the
particles could also be used. The fluidised bed essentially includes a concentric pair of upright cylindrical vessels, one
within the other. The outer vessel has its lower axial end closed to form a floor for the outer vessel only, with the inner
vessel being suspended above this floor. The floor has perforations of various sizes through which heated air is drawn
through both vessels. The perforations are sized and located such that the majority of the air flow will occur up through
the inner vessel, and then down between the inner vessel and the outer vessel. Prior to introduction into the fluidised
bed, it may be preferred, although not necessary, that the metal particles be pre-sorted according to size, so as to
promote substantially uniform coating thicknesses on the metal particles during the coating process.

At start-up, a batch of the powdered metal is deposited onto the floor of the vessel, and then circulated with heated
air at a rate sufficient to fluidise the particles. According to the batch size and particle sizes, the flow rate of the air will
generally be in the range of about 100 to about 200 cubic meters per hour. Also, the air temperature will generally
range between about 55°C and 80°C when the coating process begins, but will vary during the coating process with
the introduction and evaporation of the solvent. If the air temperature is too low, the solvent will not evaporate upon
contact with the metal particle thereby resulting in a poorly-coated particle, whilst if the air temperature is too high, the
solvent evaporates too quickly thereby also preventing the formation of a uniformly thick coating on the particles. As
the coating process progresses, each of the particles are randomly coated an extraordinarily large number of times,
s0 as 1o ensure a uniformly thick coating on the particle.

A spray nozzle located on the floor under the inner chamber serves to introduce one of the preferred coating
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materials, which is dissolved in an appropriate solvent, into the chamber. The solution is preferably about 5 to about
15 weight percent coating material, and more preferably about 10 weight percent coating material, so as to maximise
the efficiency of the coating procedure, though suitable coating results can be obtained with an extremely large range
of solutions.

The solution is then sprayed into the fluidised bed. Within the fluidised bed, the solvent is evaporated, leaving the
coating material deposited on the particles. Once coated, the encapsulated metal particles are recirculated by the
action of the heated air between the confined volumes defined by the inner and outer vessels. Circulation is continued
until each metal particle has acquired a uniform and sufficiently thick coating of the particular coating material used,
preferably in accordance with the respective weight percentages indicated above for each of the coating materials of
this invention. Typically, the coating thickness will be in the range of about 0.3 to about 4.5 micrometres for metal
particles in the preferred range of about 5 to about 400 micrometres.

As stated previously, other deposition methods may also be employed so long as a substantially uniform coating
on each particle is obtained.

Thereafter, the coated metal particles may be introduced into a suitable moulding apparatus. Typical moulding
processes used to form, for example, magnetic cores, include compression and injection-moulding and isostatic press-
ing, and are generally performed at mould temperatures ranging from about room temperature to about 370°C, and
more preferably from about 260°C to about 370°C, with the particles being pre-heated to about 150°C to about 175°
C. Atthesetemperatures, the preferred coating materials are sufficiently fluid to flow under pressure during the moulding
operation, whilst also being sufficiently viscous to adhere to the metal particles and provide a lubricating action between
adjacent metal particles. As a result, automated handling equipment can be used to process and feed the coated metal
particles throughout the coating and moulding processes, resulting in shorter cycle times. Yet the compaction-moulded
articles, such as magnetic cores, formed by these processes are characterised by being physically strong and dense,
so as to generally enable immediate handling and use of the as-formed moulded articles, as well as to permit machining
of the moulded articles if necessary.

In that the metal particles and the mould cavity are pre-heated, the coated metal particles will readily flow into the
mould cavity and, when subjected to typical moulding pressures of 308.886 to 772.215 MPa (about 20 to about 50
tons per square inch (isi)), will flow sufficiently to become compacted and form a moulded article, such as a ferromag-
netic core whose density is preferably greater than about 7.0 grams per cubic centimetre. The coating and moulding
processes described above can be widely varied to alter the physical and magnetic properties of the moulded article,
as is known in the art.

The moulded article is then annealed at an appropriate temperature so as to relieve the work-hardening stresses
induced during the moulding process. The preferred temperature range for the annealing process of this invention
depends in part on the particular coating material chosen. Generally, an annealing temperature of between about 425°C
and about 550°C is preferred for the coating materials of this invention, with a more preferred range of about 475°C
to about 550°C for moulded articles formed with polybenzimidazole, and a more preferred range of about 425°C to
about 500°C for moulded articles formed with the preferred polyimide. The duration of the annealing process is pref-
erably about 0.5 to about 2 hours for typical AC applications. Whilst a duration of about 1 hour appears to be sufficient
for most applications, the optimal duration for any given moulded article will be extremely dependent on the mass and
shape of the moulded article. Accordingly, it is foreseeable that annealing durations of less than 0.5 hours or in excess
of 2 hours may be preferable under some circumstances.

After annealing, the moulded article is allowed to cool without quenching, preferably at a rate slow enough to avoid
the formation of thermally-induced stresses within the moulded article. A suitable method is to allow the moulded article
to cool by natural convection within the annealing oven as the oven cools from its heating cycle.

To determine the preferred annealing temperature for magnetic bodies formed from ferromagnetic particles coated
in accordance with this invention, individual quantities of ferromagnetic particles were selectively coated with one of
the preferred coating materials in accordance with the fluidised bed process described above. The ferromagnetic par-
ticles generally had a particle size of about 5 to about 300 micrometres, and were coated with either polybenzimidazole
(Celazole U-60 from the Hoechst Celanese Corporation), or the preferred polyimide (Imitech 201 A from Imitech). For
the particles encapsulated with polybenzimidazole, the coating material was deposited to a thickness sufficient to result
in it being about 0.75 weight percent of the mass of the coated ferromagnetic particles, whilst particles encapsulated
with the polyimide were coated to a thickness sufficient to result in the polyimide being about 0.375 weight percent of
the mass of the coated particles. These particular weight percents were determined to be the optimal amount for each
of the polymeric coatings.

For comparison, ferromagnetic particles were also coated with a polyphthalamide obtained from Amoco Perform-
ance Products, Inc. USA, under the tradename Amodel AD-1000. Polyphthalamide is disclosed as a preferred coating
for forming moulded magnetic articles suitable for high-temperature use. The polyphthalamide was deposited so as to
compose about 0.75 weight percent of the coated ferromagnetic particles.

A transverse rupture bar of each of the selected coating materials was then formed by room temperature com-
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pression-moulding at a moulding pressure of 772.215 MPa (about 50 tsi). The transverse rupture bar samples were
approximately 31.75 mm (1.25 inches) long, 12.7 mm (0.5 inch) wide, and 9.525 mm (0.375 inch) thick. The polyimide-
coated transverse rupture bars had densities of about 7.4 g/cm3, whilst the polybenzimidazole-coated transverse rup-
ture bars had densities of about 7.5 g/cm?3.

After forming, test bars for each of the coating materials were selectively annealed at temperatures of about 180°C,
290°C, 400°C, 450°C and 510°C, with one sample of each being left unannealed for comparison. The annealing time
for the samples was about one hour. Strength tests were then conducted to determine the loads at 0.2% offset and
loads at failure of the test bars, in accordance with ASTM test B528-83A, entitled "Transverse Rupture Strength of
Sintered Metal Powder Specimens.”

Results of the tensile tests are provided below in Table I, as well as in Figures 1 and 2. In Table | and Figures 1
and 2, "PI" is used to indicate the results corresponding to the polyimide-coated transverse rupture bars, "PBI" is used
to indicate the results corresponding to the polybenzimidazole-coated transverse rupture bars, and "PPA" is used to
indicate the comparative results corresponding to the polyphthalamide-coated transverse rupture bars. The lack of
data for an entry indicates that the coating material degraded to the extent that testing was not possible.

TABLE |

No Post Bake

PPA

PI

PBI

Max Failure Load MPa(psi)
0.2% Offset Load MPa(psi)

12.79(1855)
10.63(1542)

20.42(2962)
20.15(2923)

15.93(2310)
15.04(2181)

180°C Anneal

Max Failure Load MPa(psi)
0.2% Offset Load MPa(psi)

38.18(5537)
36.71(5325)

15.57(2258)
15.44(2240)

20.07(2911)
18.96(2750)

290°C Anneal

Max Failure Load MPa(psi)
0.2% Offset Load MPa(psi)

41.12(5964)
39.44(5721)

63.52(9213)
45.11(6542)

70.70(11270)
52.54(7621)

400°C Anneal

Max Failure Load MPa(psi)
0.2% Offset Load MPa(psi)

29.49(4277)
23.12(3353)

86.81(12590)
53.08(7698)

98.04(14220)
59.58(8642)

450°C Anneal

Max Failure Load MPa(psi) --
0.2% Offset Load MPa(psi) --

510°C Anneal

Max Failure Load MPa(psi) --
0.2% Offset Load MPa(psi) --

90.98(13170)
51.89(7526)

105.90(15360)
67.49(9788)

68.48(9932)
46.55(6751)

106.18(15400)
67.09(9730)

The above data illustrates that the preferred coating materials of this invention exhibited suitable strength after
annealing at the selected temperatures. In fact, the test bars actually required a heavier load for failure as the annealing
temperatures were increased, with the polybenzimidazole (PBI) requiring the heaviest loads for failure at elevated
temperatures up to and including 510°C. The specimens utilising the preferred polyimide as the coating material ex-
hibited some degradation in mechanical properties at about 510 °C, indicating that a more optimum annealing tem-
perature is closer to about 450°C. In contrast, the test bars utilising polyphthalamide as the coating material exhibited
the lowest mechanical properties at annealing temperatures above 180°C, with thermal degradation resulting in these
specimens being too deteriorated for further testing at annealing temperatures above about 400°C.

It is believed that, at their respective preferred annealing temperatures, the polybenzimidazole material and the
preferred polyimides derived from 3-4'oxydianiline and polymethylene dianiline, sufficiently soften so as to relieve the
stresses present within the moulded article, whilst the preferred polyimides also possibly imidize at the relatively high
temperature, thereby resulting in a stronger, stress-free article.

The mechanical strength data was used to indicate the extent of polymer degradation. The results illustrate that
the mechanical properties were enhanced after annealing these ferromagnetic bodies at temperatures of up to at least
about 450°C.

To evaluate the effect that annealing has on the magnetic properties of magnetic bodies formed from the preferred
coating materials, toroidal test samples were formed utilising polybenzimidazole as the coating material by compres-
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sion-moulding at about 290°C with a moulding pressure of about 772.215 MPa (50 tsi). The toroidal test samples had
an outer diameter of about 50.8 mm (2 inches), an inner diameter of about 43.18 mm, (1.7 inches), and a cross-sectional
thickness of about 6.35 mm (0.25 inch). The toroidal samples were annealed at various temperatures for a duration
of about one hour. An additional sample was not annealed for purposes of comparison. The polybenzimidazole coating
was deposited such that the polybenzimidazole composed about 0.75 weight percent of the coated ferromagnetic
particles.

The samples were then tested to determine permeability (1) when exposed to 100 Hz and 400 Hz AC currents.
The best test results were achieved for the samples annealed at either 450°C or 510°C, the data for these samples
being illustrated in Figure 3. The data obtained from these samples indicated that a substantial increase in permeability
occurred for the samples which were annealed, in comparison to the sample which was not. Such results are compatible
with the position that the compression-moulding process work-hardens the moulded articles, causing a corresponding
decrease in magnetic permeability thereof. By annealing the test samples, the stresses resulting from work-hardening
were sufficiently relieved so as to cause an increase in magnetic permeability, as shown by the results in Figure 3. It
is anticipated that the annealing method of this invention can readily increase magnetic permeability in excess of about
210 G/Oe as measured at about 50 oersteds field intensity and about 100 to about 400 Hz, for a given magnetic article
formed from ferromagnetic particles encapsulated with the preferred coating materials of this invention, such that the
magnetic article could be used in demanding AC applications.

Tofurther evaluate the magnetic properties of magnetic bodies formed from the preferred coating materials, toroidal
test samples of each preferred coating material were again formed by the compression-moulding method described
above. Polybenzimidazole was deposited so as to compose about 0.75 weight percent of its respective coated particles,
whilst the preferred polyimide was deposited so as to compose about 0.375 weight percent of its respective coated
particles. The polyimide-coated samples had densities of about 7.4 g/cm3, while the polybenzimidazole-coated samples
had densities of about 7.5 g/cm3.

A sample of each preferred coating material was then annealed in accordance with the best results achieved under
the mechanical tests described above. The sample formed from ferromagnetic particles encapsulated with polybenz-
imidazole was annealed at about 510°C for a duration of about one hour. The sample formed from ferromagnetic
particles encapsulated with the preferred polyimide was annealed at about 450°C for a duration of about one hour.

The samples were then tested to determine the magnetic field intensity (Hmax) in oersteds, flux density (Bmax)
in gauss, total core loss (Pcm) in watts per pound, and permeability (1) when exposed to a DC current, a 100 Hz AC
current and a 400 Hz AC current. Results of these tests are provided below in Table II. In the table, each of the coating
materials are identified as before in Table I.

TABLE Il
DC current PI PBI
Hmax (Oe) 160 159
Bmax (G) 16,000 16,800
Permeability (u) 100 106
Freq =100 Hz
Hmax (Oe) 591 75.9
Bmax (G) 12,520 15,100
Permeability (u) 212 198
Core Loss (W/lb) 23.0 39.8
Freq = 400 Hz
Hmax (Oe) 58.9 78.6
Bmax (G) 12,520 15,100
Permeability (u) 213 192
Core Loss (W/lb) | 120 326

The above data, in conjunction with the results shown in Figure 3, illustrates that useful magnetic core bodies
having enhanced permeabilities were obtained by annealing the samples. Whilst the polyimide (Pl) samples exhibited
lower core losses than the polybenzimidazole (PBl) samples, it is expected that improvements could be made to the
polybenzimidazole (PBIl) by achieving a more uniform coating on the individual ferromagnetic particles, or by using
lower moulding pressures. A possible explanation for the polyimide samples having lower core losses is that it is
believed that the preferred polyimide partially imidizes during moulding and almost fully imidizes during annealing.
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From the above, it will be apparent to one skilled in the art that a significant advantage of the present invention is
that there is provided a group of polymeric coatings for encapsulating powdered metals which are capable of with-
standing temperatures sufficient to anneal a magnetic core that has been compression-moulded from the coated metal
particles. As a result, the stresses induced through work-hardening of the magnetic core during the compression-
moulding process can be relieved without a significant loss in the mechanical properties of the magnetic core as a
consequence of the degradation and/or pyrolyzation of the coating material during annealing. Furthermore, it is appar-
ent that significant improvements in magnetic properties, more specifically, improvements in magnetic permeability
can be achieved using the preferred coating materials in accordance with this invention. As a result, magnetic cores
made in accordance with this invention are able to exhibit sufficiently higher magnetic permeability of the order of about
210 G/Oe so as to be useful in AC applications such as generators, stator cores, transformers and the like, which
require magnetic permeability, such as in excess of about 175 G/Oe at about 50 oersteds field intensity and about 100
to about 400 Hz.

The temperature capabilities of the preferred coating materials are also beneficial for magnetic cores used in
thermally-hostile environments. The preferred coating materials imbue mechanical properties to the magnetic cores
which include strength and high density as a result of strongly adhering the metal particles together.

Furthermore, the resistance of the preferred coating materials to high temperatures includes the ability to electri-
cally insulate the metal particles from each other, so as to result in acceptable core losses for many applications, a
critical magnetic characteristic for AC applications. The preferred coating materials are also highly resistant to a wide
variety of chemicals, making their magnetic cores suitable for use in chemically-hostile environments, such as the
engine compartment of an automobile. In addition, the coating materials are sufficiently lubricous so as to enable high
densities of the moulded material to be achieved at typical moulding temperatures.

Whilst the invention has been described in terms of a preferred embodiment thereof, it is apparent that other forms
could be adopted by one skilled in the art; for example, by substituting other thermoplastic polymers having a heat-
deflection temperature of at least about 400°C, or by modifying the processing parameters such as the temperatures
or pressures employed, or by substituting other appropriate powdered materials such as other magnetic or magnetis-
able materials, or by utilising the particular materials and methods for use in alternative applications. Accordingly, the
scope of the present invention is to be limited only by the scope of the following claims.

Claims

1. A compression-moulded magnetic core comprising a coalesced body consisting of a plurality of coated ferromag-
netic particles, in which said plurality of coated ferromagnetic particles comprise individual ferromagnetic particles
which are each substantially surrounded by a polymeric coating material, characterised in that the polymeric coating
material is selected from the group consisting of polybenzimidazole and polyimides derived from 3-4'oxydianiline
and polymethylene dianiline, the polymeric coating material constitutes less than substantially one weight percent
as compared to the total mass of the coalesced body, and said magnetic core has a magnetic permeability of at
least 175 G/Oe as measured at 50 oersteds field intensity and at 100 to 400 Hz.

2. A magnetic core according to claim 1, in which the polymeric coating material is polybenzimidazole and constitutes
0.5 to one weight percent as compared to the total mass of the coalesced body.

3. A magnetic core according to claim 1, in which the polymeric coating material is the polyimide derived from 3-4'ox-
ydianiline and polymethylene dianiline, and the polymeric coating material constitutes 0.25 to 0.75 weight percent
as compared to the total mass of the coalesced body.

4. A method for forming a magnetic article suitable for extended high temperature use, the method comprising the
steps of: depositing onto each of a plurality of ferromagnetic particles a substantially uniform encapsulating layer
of a polymeric coating material to form a plurality of coated particles comprising less than substantially one weight
percent of the polymeric coating material, the plurality of ferromagnetic particles ranging in size from 5 to 400
micrometres; and compacting the plurality of coated particles within a mould cavity at a temperature and pressure
which are sufficient to compact and adhere the plurality of coated particles together with the polymeric coating
material to form the magnetic article; characterised in that the polymeric coating material is selected from the group
consisting of polybenzimidazole and polyimides having a heat-deflection temperature of at least 400°C and the
magnetic article is annealed at a temperature and for a duration which are sufficient to relieve stresses induced
by the compacting step so as to enhance the magnetic permeability of the magnetic article without significantly
degrading or pyrolyzing the polymeric coating material.
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A method according to claim 4, in which the polyimide is derived from 3-4'oxydianiline and polymethylene dianiline.

A method according to claim 4, in which the polymeric coating material is polybenzimidazole and constitutes 0.5
to one weight percent as compared to the total mass of the plurality of coated particles after the depositing step.

A method according to claim 4, in which the polymeric coating material is polyimide and constitutes 0.25 t0 0.75
weight percent as compared to the total mass of the plurality of coated particles after the depositing step.

A method according to claim 4, in which the magnetic article is compression-moulded at a temperature ranging
from room temperature up to 370°C.

A method according to claim 4, in which the layer of polymeric coating material is deposited on the plurality of
ferromagnetic particles using fluidised bed spray methods.

A method according to claim 4, in which the polymeric coating material is polybenzimidazole and the magnetic
article is annealed at a temperature of 475°C to 550°C.

A method according to claim 4, in which the polymeric coating material is polyimide and the magnetic article is
annealed at a temperature of 425°C to 500°C.

A method according to claim 4, in which the magnetic article has a magnetic permeability of at least 175 G/Oe as
measured at 50 oersteds field intensity and at 100 to 400 Hz.

Patentanspriiche

1.

FormgepreBter Magnetkern mit einem zusammengewachsenen Kérper, der aus einer Vielzahl von beschichteten
ferromagnetischen Partikeln besteht, in welchem die Vielzahl von beschichteten ferromagnetischen Partikeln in-
dividuelle ferromagnetische Partikel umfaBt, welche jeweils von einem polymeren Beschichtungsmaterial im we-
sentlichen umgeben sind,

dadurch gekennzeichnet,

dafB das polymere Beschichtungsmaterial aus der Gruppe ausgewabhlt ist, die aus Polybenzimidazol und Polyimi-
den besteht, die aus 3,4'-Oxydianilin und Polymethylendianilin abgeleitet sind, daf das polymere Beschichtungs-
material weniger als im wesentlichen ein Gewichtsprozent im Vergleich mit der Gesamtmasse des zusammenge-
wachsenen Kérpers bildet und dafl3 der Magnetkern eine magnetische Permeabilitat von zumindest 175 G/Oe
aufweist, wie bei 50 Oersted Feldstarke und bei 100 bis 400 Hz gemessen.

Magnetkern nach Anspruch 1,
in welchem das polymere Beschichtungsmaterial Polybenzimidazol ist und 0,5 bis ein Gewichtsprozent im Ver-
gleich mit der Gesamtmasse des zusammengewachsenen Kérpers bildet.

Magnetkern nach Anspruch 1,

in welchem das polymere Beschichtungsmaterial das Polyimid ist, das aus 3,4'-Oxydianilin und Polymethylendia-
nilin abgeleitet ist, und das polymere Beschichtungsmaterial 0,25 bis 0,75 Gewichtsprozent im Vergleich mit der
Gesamtmasse des zusammengewachsenen Kdrpers bildet.

Verfahren zum Formen eines magnetischen Gegenstandes, der zur Verwendung bei ausgedehnter hoher Tem-
peratur geeignet ist, wobei das Verfahren die Schritte umfaBt, daB auf jedem einer Vielzahl von ferromagnetischen
Partikeln eine im wesentlichen gleichméaBige Einkapselungsschicht aus einem polymeren Beschichtungsmaterial
abgelagert wird, um eine Vielzahl von beschichteten Partikeln zu bilden, die weniger als im wesentlichen ein Ge-
wichtsprozent des polymeren Beschichtungsmaterials umfaBt, wobei die GréBe der Vielzahl von ferromagneti-
schen Partikeln im Bereich von 5 bis 400 Mikrometern liegt; und daB3 die Vielzahl von beschichteten Partikeln
innerhalb eines Formhohlraums bei einer Temperatur und einem Druck verdichtet wird, welche ausreichen, die
Vielzahl von beschichteten Partikeln mit dem polymeren Beschichtungsmaterial zu verdichten und aneinanderzu-
haften, um den magnetischen Gegenstand zu bilden;

dadurch gekennzeichnet,

dafB das polymere Beschichtungsmaterial aus der Gruppe ausgewabhlt ist, die aus Polybenzimidazol und Polyimi-
den besteht, die eine Warmedurchbiegungstemperatur von zumindest 400°C aufweisen, und daf3 der magnetische
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Gegenstand bei einer Temperatur und fir eine Dauer gegliiht wird, welche ausreichen, Spannungen zu Iésen, die
durch den Verdichtungsschritt eingeleitet werden, um die magnetische Permeabilitat des magnetischen Gegen-
standes zu steigern, ohne das polymere Beschichtungsmaterial wesentlich zu verschlechtern oder zu pyrolysieren.

Verfahren nach Anspruch 4,
in welchem das Polyimid aus 3,4'-Oxydianilin und Polymethylendianilin abgeleitet ist.

Verfahren nach Anspruch 4,
in welchem das polymere Beschichtungsmaterial Polybenzimidazol ist und 0,5 bis ein Gewichtsprozent im Ver-
gleich mit der Gesamtmasse der Vielzahl von beschichteten Partikeln nach dem Ablagerungsschritt bildet.

Verfahren nach Anspruch 4,
in welchem das polymere Beschichtungsmaterial Polyimid ist und 0,25 bis 0,75 Gewichtsprozent im Vergleich mit
der Gesamtmasse der Vielzahl von beschichteten Partikeln nach dem Ablagerungsschritt bildet.

Verfahren nach Anspruch 4,
in welchem der magnetische Gegenstand bei einer Temperatur formgepre3t wird, die zwischen Raumtemperatur
und 370°C liegt.

Verfahren nach Anspruch 4,
in welchem die Schicht aus polymerem Beschichtungsmaterial auf die Vielzahl von ferromagnetischen Partikeln
unter Verwendung von FlieBbettsprihverfahren abgelagert wird.

Verfahren nach Anspruch 4,
in welchem das polymere Beschichtungsmaterial Polybenzimidazol ist, und der magnetische Gegenstand bei einer
Temperatur von 475°C bis 550°C gegliht wird.

Verfahren nach Anspruch 4,
in welchem das polymere Beschichtungsmaterial Polyimid ist, und der magnetische Gegenstand bei einer Tem-
peratur von 425°C bis 500°C gegliht wird.

Verfahren nach Anspruch 4,
in welchem der magnetische Gegenstand eine magnetische Permeabilitdt von zumindest 175 G/Oe aufweist, wie
bei 50 Oersted Feldstarke und bei 100 bis 400 Hz gemessen.

Revendications

Noyau magnétique moulé par compression comprenant un corps aggloméré consistant en plusieurs particules
ferromagnétiques enrobées, ces différentes particules ferromagnétiques enrobées comprenant des particules fer-
romagnétiques individuelles & peu prés entourées chacune d'une matiére d'enrobage polymére, caractérisé en
ce que la matiére d'enrobage polymére est choisie parmi le polybenzimidazole et les polyimides dérivés de la 3,4'-
oxydianiline et la polyméthyléne dianiline, la matiére d'enrobage polymére représentant moins d'environ 1 % en
poids par rapport a la masse totale du corps aggloméré, et ce noyau magnétique ayant une perméabilité magné-
tique d'au moins 175 G/Oe déterminée a une intensité de champ de 50 oersteds et a une fréquence de 100 4 400 Hz.

Noyau magnétique selon la revendication 1, dans lequel la matiére d'enrobage polymére est le polybenzimidazole,
et représente de 0,5 a 1 % en poids par rapport a la masse totale du corps aggloméré.

Noyau magnétique selon la revendication 1, dans lequel la matiére d'enrobage polymére est le polyimide dérivé
de la 3,4'-oxydianiline et de la polyméthyléne dianiline, et la matiére d'enrobage polymére représente de 0,25 a
0,75 % en poids par rapport a la masse totale du corps aggloméré.

Procédé de fabrication d'un article magnétique approprié pour une utilisation prolongée a haute température, com-
prenant les étapes consistant & déposer sur chacune d'une pluralité de particules ferromagnétiques, une couche
d'encapsulation & peu prés uniforme d'une matiére d'enrobage polymére afin de former plusieurs particules enro-
bées comprenant moins d'environ 1 % en poids de la matiére d'enrobage polymére, les différentes particules
ferromagnétiques ayant une taille de 5 & 400 micrométres ; et & compacter les différentes particules enrobées
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dans une cavité de moule & une température et sous une pression suffisantes pour compacter et coller les diffé-
rentes particules enrobées ensemble avec la matiére d'enrobage polymére afin de former l'article magnétique ;
caractérisé en ce que la matiére d'enrobage polymére est choisie parmi le polybenzimidazole et les polyimides
ayant une température de déformation a chaud d'au moins 400 °C, et en ce que l'article magnétique est recuit &
une température et pendant un temps suffisants pour relacher les contraintes provoquées par l'opération de com-
pactage de fagon a accroitre la perméabilité magnétique de l'article magnétique sans nettement dégrader ou
pyrolyser la matiere d'enrobage polymére.

Procédé selon la revendication 4, dans lequel le polyimide est dérivé de la 3,4'-oxydianiline et de la polyméthyléne
dianiline.

Procédé selon la revendication 4, dans lequel la matiére d'enrobage polymére est le polyimidazole, et elle repré-
sente de 0,5 & 1 % en poids par rapport a la masse totale des différentes particules enrobées aprés |'opération

de dépét.

Procédé selon la revendication 4, dans lequel la matiére d'enrobage polymére est un polyimide et représente de
0,254 0,75 % en poids par rapport & la masse totale des différentes particules enrobées aprés I'opération de dépébt.

Procédé selon la revendication 4, dans lequel l'article magnétique est moulé par compression & une température
allant de la température ambiante jusqu'a 370 °C.

Procédé selon la revendication 4, dans lequel la couche de matiére d'enrobage polymére est déposée sur les
différentes particules ferromagnétiques en mettant en oeuvre des procédés de pulvérisation a lit fluidisé.

Procédé selon la revendication 4, dans lequel la matiére d'enrobage polymére est le polybenzimidazole, et l'article
magnétique est recuit & une température de 475 °C a 550 °C.

Procédé selon la revendication 4, dans lequel la matiére d'enrobage polymére est un polyimide, et I'article ma-
gnétique est recuit & une température de 425 °C & 500 °C.

Procédé selon la revendication 4, dans lequel I'article magnétique a une perméabilité magnétique d'au moins 175
G/Oe déterminée a une intensité de champ de 50 oersteds et & une fréquence de 100 & 400 Hz.

12
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