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Permanent magnets are ubiquitous in modern societies. Devices
that use permanent magnets include motors, sensors, actuators and
acoustic transducers. These are used in home appliances, speakers,
office automation equipment, aerospace, wind turbine generators,
medical laboratory diagnostic test equipment and more. It is estimated, for example, that
a typical automobile uses up to 120 permanent magnets in windshield wipers, starter
motors, seat adjusters, door lock actuators, fuel pumps, sensors and gauges. The devel-
opment of hybrid electric vehicle and electric vehicle drive technologies has been greatly
enhanced by the availability of high performance magnetic materials.

Of the many permanent magnet materials, four are still in common use: alnico, ferrite,
samarium cobalt (SmCo) and neodymium iron boron (NdFeB). Alnico was invented and
commercialized in the early 1940s. Ferrite magnets, also known as ceramic magnets, were
first commercialized in 1952. SmCo5 was introduced in 1961 and an improved compaosition,
based on Sm2Co17, was introduced in the early 1970s. The most recently developed mate-
rial is NdFeB and was first available in 1984. Both the SmCo and NdFeB based materials
belong to the family of rare earth magnets. Each magnet material has unique properties
that make it more suitable for selected applications than other magnet options. Selection
criteria include: magnetic strength, cost, constancy of magnetic output over temperature
extremes, corrosion resistance, resistance to demagnetization, and mechanical properties
such as density, physical strength or flexibility. Ferrite magnets, while providing less mag-
netic strength than rare earth magnets, cost far less. Therefore, they are still widely used
wherever product cost is a major consideration over magnetic performance.

Bonded magnets are an important but often overlooked group of products that mag-
netic circuit and device designers should consider when choosing the optimum perma-
nent magnet type for their specific application need. In their most basic form bonded
magnets consist of two components; a hard magnetic powder and a non-magnetic poly-
mer or rubber binder. The powder may be hard ferrite, NdFeB, SmCo, alnico, or mixtures
of two or more magnetic powders known as hybrids. In all cases, the powder properties
are optimized through processing and chemistry specifically aimed at utilization in a
bonded magnet. The binder that holds the magnetic particles in place can produce ei-
ther a flexible or rigid magnet. Typical binders for flexible magnets are nitrile rubber and
vinyl. Binders for rigid magnets include nylon, PPS, polyester, Teflon and thermoset epox-
ies. The thermoplastic binders may be formed into sheet via a calendaring or extrusion
process or formed into various complex shapes using injection molding. Compression
bonding almost exclusively combines isotropic NdFeB powders with a thermoset epoxy
binder using a uniaxial room temperature pressing process. A major advantage of bonded
magnet processing is near net shape manufacturing requiring zero or minimal finishing
operations compared to powder or cast metallurgical processes. In addition value added
assemblies can be economically produced in a single operation.
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Bonded Magnet Processes
As previously mentioned there are four main processing routes "

Historical Development of PM Materials

used to manufacture bonded magnets. These processes are calen-

dering, injection molding, extrusion and compression bonding.

Calendering is a rolling process for making continuous magnet ol

sheets. It is used for flexible, rubber-based magnets. The granulated ;
compound of ferrite powder and elastomer is fed in the top and 8"
through a series of heated rolls. The rolls apply high compressive 5:9

loads and by applying tension to the strip as it exits the rollers, a

continuous roll of several hundred feet can be formed. In some -

cases mechanical orientation can be achieved due to the applied L
pressure and utilizing the plate-like shape of the ferrite particles. Lo
Typical sheet thicknesses are from 0.012 to 0.250 in. Hard magnetic
powders are normally ferrite though some NdFeB and ferrite/NdFeB

hybrids are available. Figure 3.

8 Magnetics Business & Technology * Summer 2015

www.MagneticsMagazine.com




Injection molding is the process of injecting a molten, highly
filled thermoplastic compound into mold cavities where it is al-
lowed to cool and solidify. Ferrite and NdFeB powders are com-
monly used as the magnetic powder in the compound. Typically
multi-cavity tooling is used to achieve high volume output and
productivity. Complex shaped magnets can be formed by this pro-
cess together with multi-component assemblies by insert and over
molding techniques. Typical magnetic powder loadings are around
65 volume percent.

The raw material used in the extrusion process is similar to the
compound used in calendering. The extrusion screw works against
a heated barrel to push the compound through a heated die at
high pressure. The resulting strip of material is collected, either on
a spool, cut sheet is stacked, or strip is cut into pieces of specific
length. The cross-section profile of the strip must remain the same
along the length of the extrusion.

It should be noted that since both ferrites and NdFeB powders
are very abrasive special wear resistant coatings are used in both
injection molding and extrusion tooling.

The fourth manufacturing process is compression bonding. Op-
timum performance is obtained by processing the NdFeB powder
through a powder refinement step and liquid encapsulating process
to coat each particle with a thin film of thermoset epoxy and hard-
ener and other additives e.g. die wall lubricant. The encapsulated
powder is fed into a press cavity and compacted under pressures of
about 6 tonnes/cm?. The compacted magnet is then cured at tem-
peratures of about 150 to 175°C. One major advantage of compres-
sion bonding is that the magnetic loading can be as high as 85 per-
cent by volume, resulting in higher flux densities than calendered,
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injection molded and extruded magnets. Dimensional tolerances
are equivalent to injection molded products, making secondary op-
erations generally unnecessary. The development of compression
bonded NdFeB with maximum energy products of 10 MGOe and
higher along with net shape capability of arcs and cylinder shapes
have found numerous applications in brushless DC motors. Also
the capability to form long axial length, thin wall cylinders com-
bined with the relative ease of multipole magnetizing has led to
compression bonded NdFeB magnets being used in high volume
HDD spindle motors as well as other motor applications.

A major advantage of isotropic NdFeB magnetic powders is
that no aligning field is required during forming process (injection
molding or compression bonding), simplifying fabrication and since
there is no residual magnetization to attract ferromagnetic particles
to the magnets, enhancing cleanliness during subsequent handling
and assembly operations.

Important Characteristics of Commercially Important
Permanent Magnets

In my opinion, Maximum Energy Product (BHmax) is often an over-
emphasized and misunderstood parameter of magnetic performance
when it comes to selecting the best magnet material for an applica-
tion. For a magnet of a given volume, the attainable energy in the
air gap of a magnetic circuit is proportional to the BHmax. It is a
function of the maximum product of flux density B and the cor-
responding field strength H at a point along the second quadrant
demagnetization curve and is measured in units of kl/m? (Kilojoule
per cubic meter) or MGOe (MegaGaussOersted) as shown in Figure 1.
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Many other characteristic determine the ultimate commercial suc-
cess of a permanent magnet material; some are listed in Figure 2.

Ultimately the specific application conditions during the end
users operation of the device determine the optimum magnetic
material choice. It is also revealing to look at the historical develop-
ment and commercial acceptance of permanent magnet materials
as illustrated in Figure 3.

This shows the year of introduction of the permanent magnet
material based on the maximum energy product, BHmax. As can
be seen most of the important developments occurred in the 20
Century. However, one of the most significant materials intro-
duced in the late 1950’s by Phillips was based on Strontium or
Barium Hexaferrite. The hard ferrites exhibit significantly lower
BHmax than the Alnico grades available at the time. Clearly, raw
material economics played a significant role in the market ac-
ceptance of hard ferrites but even today it is the most widely
used permanent magnet material on a weight basis representing
almost 90 percent of the global production of magnets by weight.
Another example is the growth and market penetration of isotro-
pic bonded, both injection and compression, NdFeB. While the
raw materials costs are the same as fully dense anisotropic NdFeB
magnets, isotropic bonded NdFeB magnets at approximately 25
percent of the BHmax of their sintered cousins have establish a
Global market presence of around $750 million. It's also worth
noting that higher BHmax (say above the 50MGOe available with
sintered NdFeB) leads to practical considerations for manufactur-
ers and device designers. Higher BHmax leads to increased flux
densities in the circuit, which may require soft magnetic com-
ponents with larger cross sectional areas to prevent saturation.
Alternatively higher BHmax level while enabling further miniatur-
ization of devices lead to manufacturing challenges to cost effec-
tively produce magnets with thinner magnetic axes.

Since the introduction of hard ferrites magnetic device design-
ers have become accustomed to working with permanent mag-
net materials that exhibit straight line 2" quadrant demagneti-
zation characteristics where the BHmax point typically occurs
at approximately 0.5 of remenance as shown in Figure 1. The
previous generation of Alnico permanent magnets exhibited rel-
atively low coercivity and the BHmax occurred at very high load
lines/permeance coefficients with non-linear demagnetization
behavior. This design paradigm became further ingrained with
the introduction of high coercivity rare earth magnet materials.
The position of the BHmax point on the demagnetization line
has a dramatic influence on the geometry of the magnet. Simply
put low coercivity materials have a long magnetic axis (large L/D
ratio) while high coercivity materials have short magnetic axes
(small L/D ratio).

Production and Markets for Bonded NdFeB Magnets
In 2014 the global production of bonded NdFeB magnets is
estimated at $750 million. This represents approximately 4 per-
cent of the roughly $19,000 million global production of all per-
manent magnet types in 2014. At the Polymer Bonded Magnet
2000 conference | estimated the market for bonded NdFeB mag-
nets to be $355 million in 1999. This means that while bonded
NdFeB magnets are in third place behind sintered NdFeB and
hard ferrite magnets they have experienced a long term CAGR in
excess of 5 percent. Drivers of future growth are numerous and
include the following:
* Automotive e.g. seat positioning motors, EPS sensors,
HEV, EV

* (Circulation pumps for home heating systems

* HDD spindle motors

® Office automation motors and sensors

* Medical devices

In addition the expiration of Hitachi Metal's US compositional

patent 5,645,651 in July 2014 has opened up the market for ad-
ditional suppliers of isotropic NdFeB powders for bonded mag-
nets. While as of today this has not an impact on market pricing
it is expected to drive further innovation in the grades and per-
formance of powders available to bonded magnet manufactur-
ers and their customers.

Future Developments

It is interesting to note that while anisotropic powders based
on both NdFeB and SmFeN alloys have been available for over a
decade they appear to have only had a minor impact on bonded
magnet applications. One significant drawback of both types of
powder is their thermal stability and low maximum operating tem-
perature capabilities. Also that requirement to apply an orienting
field during the forming operation adds to the complexity of tool-
ing and increases the magnet processing costs.

Current grades of compression bonded NdFeB magnets are lim-
ited to about 11 MGOe using the isotropic powders currently avail-
able. The BHmax in a compression bonded isotropic NdFeB magnet
is only influenced by two factors. These are:

1.) Volume Fraction of Magnetic Phase in the Magnet: Typically
measured by the density of the magnet. Today’s approach is
one of brute force i.e. increasing the pressing pressure which
requires special press construction and tooling materials. How-
ever, work is underway to improve the compressibility of pow-
ders and therefore achieve high densities with moderate press-
ing pressures. It is also important to improve the flowabilty of
powders to enable even thinner wall die cavities to be filled
uniformly during the pressing operation.

2.) Magnetic Powder Remanence (Br): The goal is to increase
isotropic Br of powders while maintaining sufficient coercivity
(Hci) to have linear demagnetization characteristic at the ap-
plication temperature.

At a recent Critical Materials Institute workshop held at Brown
University | was asked to provide high level targets for the next
generation of bonded magnets material to help guide the CMI’s
research efforts. The targets are as follows:

* 11 to 15 MGOe magnet capability.
® Linear 2" quadrant demagnetization characteristic.
Isotropic magnetic powder.
Manufacturing cost of hard ferrite.
RE-free e.g. Fe16N2 isotropic powders.
Operating temperature of 180°C.
No health and safety issues in processing or use.

Another exciting processing technology that has the potential
to revolutionize the production of bonded magnets is 3D printing
or additive manufacturing. MAI has teamed with researchers at
Oak Ridge National Laboratories (ORNL). The technical objective
of the proposal is to fabricate net shape isotropic NdFeB bonded
magnets utilizing additive manufacturing technologies at ORNL.
The goal is to form complex shapes of both thermoplastic and
thermoset bonded magnets without expensive tooling and mini-
mal wasted material.
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Conclusion

Bonded magnets are a diverse and versatile contributor to the
portfolio of permanent magnet materials available to device de-
signers. They offer many unique advantages in both product form
and value added assembly capabilities. They find application in a
wide range of devices and markets. Future innovation of both pro-
cessing and materials will provided more benefits to designers and
stimulate even higher growth and market penetration.
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Magnet Applications, Inc. (MAI)

MAI is located in DuBois, PA and is one of the largest North Amer-
ican manufacturers of injection molded (both ferrite and NdFeB)
and compression bonded NdFeB magnets. In addition MAI supplies
afull range of permanent magnet products and technical assemblies
supported by application and sales engineering throughout North
America. They are part of the Bunting Magnetics Group (www.bun-
tingmagnetics.com). Bunting Magnetics is a family-owned group
of companies manufacturing products which serve global markets
and include a broad range of magnetic materials and components,
magnetic separation systems, material handling equipment, metal
detection equipment, magnetic cylinders for the printing industry,
bonded magnets, and technical assemblies.

For more information visit www.magnetapplications.com.
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