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ABSTRACT

Ancorsteel Insulated Powders provide the ability to utilize
ferrous powder netallurgy nmaterials in alternating magnetic field
applications. These materials, unlike sintered conponents, offer
the ability to control eddy current generation at high
frequenci es. The devel opnment process involved in the evol ution of
these materials is reviewed along wth magnetic and physi cal
properties. Potential part applications are presented with
speci al enphasis placed on utilizing powder netallurgy's uni que
shape maki ng capabilities.

| NTRODUCTI ON

Powder Metallurgy is a well-established technology utilized in
t he production of DC soft nagnetic conmponents. (1) The diverse
conbi nati ons of powder fornul ations, conpaction paraneters, and
sintering practice produce a w de spectrum of nmagnetic
properties; Table |I sunmarizes the range of magnetic properties
attai nable. The data presented in Table | indicate that higher
density |l evel s enhance the saturation induction; whereas, the
powder all oy and processing affect the structure sensitive
properties (perneability, coercive force, and residual
magnetism. (2) This ability to custom ze the magnetic properties
whil e providing the net or near net shape advantage of powder
metal lurgy, offers the magnetic part designer a powerfu

advant age.

Table I: DC Magnetic Properties for PFM Materials (2)

Al'l oy Density Maxi mum Coerci ve Maxi mum Resi stivity
System (g/ cnB) Perm Force I nducti on (m crohm




(Ce) (9 cm

Fe 6.8-7.2 | 1800-3500 1.5-2.5 10- 13 10

Fe/ P 6.8-7.4 | 2500-6000 1.2-2.0 10- 14 30

Fe/ Si 6.8-7.3 | 2000-6000 0.8-1.2 9-13 60

400 6.7-7.2 | 1400-2100 1.5-2.0 9-11 50
Series SS

50N /50Fe | 7.2-7.6 5000- 0.2-0.5 9-14 45

15000

Primary markets utilizing sintered soft magnetic P/ M applications
are the autonotive and | awn and garden sectors. (3) Apart from
these markets, the vast majority of electrical devices utilize AC
(alternating current). The electrical notors that power hone
appl i ances, transformers that power industry, and nodern

el ectronics all rely on AC electrical power. Table Il sunmmarizes
the US market for soft magnetic materials for cal endar year 1995
and the projected usage in the year 2000. The estimated usage of
electrical materials for AC applications will grow at a 5.4%
annual rate, with the total sales approaching $3 billion by the
end of the decade. (4) In conparison, the total quantity of iron
and steel powders shipped in 1994 was 338,000 tons with a sal es
val ue of less than $0.5 billion. (5) Cearly, the market for AC
electrical material is significantly larger than P/M Devel opi ng
sui tabl e powder materials and processing to satisfy the

requi renents of this industry would contribute significantly to
the gromth of P/ M

Table 11: Wrld Wde Usage of Electrical Steels (4)
Magnet i c 1995 2000 Gowmh Rate (%
Mat eri al $ MIlions $ MIlions (1995-2000)
St eel 1,818 2, 364 5.2
Ceram c 270 416 9.0
QG her Metallic 119 158 5.8
Tot al 2,207 2.938 5.4

El ectrical steels are manufactured as thin gage strip that is

st anped, often anneal ed, and assenbled into | am nated structures.
The uni que shapes of notor stators and rotors often result in
hi gh percentages of scrap when fornmed by the stanping process.
Powder netal lurgy's shape making capability and high materi al
utilization seem ngly offers considerable econom ¢ advantage in
the production of electric notors, transfornmers and the |Iike. Wy
then is PPMnot specified for the manufacture of AC electrical
devi ces? The nost basic answer can be related to the eddy
currents generated within ferromagnetic materials when the
material is exposed to alternating magnetic fields. (6) These




eddy currents result in heat generation within the conponent; the
eddy current | osses can be expressed by the foll ow ng equation:

Eddy Current Loss = K. d? B> f%p [ 1]

In which “K.” is a constant “d” is the thickness of the material,
“B” is the magnetic induction, “f” is the frequency, and “p” is
the electrical resistivity of the ferromagnetic material. As the
t hi ckness of the nmaterial is increased, the eddy current | osses
increase in proportion to the thickness of the |am nation or
conponent to the second power. Thus, doubling the thickness wll
result in a four-fold increase in the eddy current |l osses. It is
for this reason that AC machines utilize | am nations. Lam nations
mnimze the eddy current |osses within the assenbly by
restricting the eddy currents to the surface of thin | am nations.
Typi cal steel Iamnation thicknesses are in the range of 0.007
inch to 0.020 inch (0.18 to 0.50 mm.

Attenpts at manufacturing | am nations via powder netall urgy

t echni ques have been unsuccessful. Conpaction processing has as a
practical lower limt a thickness of approximtely 0.060 inches
(2.4 mm (7); this mnimmthickness for PPMis significantly

t hi cker than the thickest |am nation steels. Thus, the inherent
eddy current | osses of pressed and sintered PPMI|am nations w ||
be significantly higher than conventional steel assenblies.

Addi tional problens associated with the production of P/ M

| am nations are the flatness requirenents and the inherent higher
cost associated with the P/Mtechnique relative to stanping

t echnol ogy.

Two di stinct approaches applying powder netal lurgy techni ques to
AC devices are utilized in the production of transformer cores
for switched node power supplies and | oading coils utilized in

t el ephone circuitry. Cores for switched node power supplies are
manuf actured by first treating the surface of a high purity, high
conpressibility iron powder with a phosphoric acid. (8) After the
initial insulation is applied, the powder is mxed with a
conpaction lubricant and a thernoset resin. Once conpacted, the
core is cured to initiate the reaction of the thernoset resin to
gi ve nechani cal strength to the part. The advantage of this
technology is the mnimzation of eddy currents in high frequency
AC applications. Limtations of this process are the finished
conponent's relatively low strength and the cold work of the iron
powder introduced during conpacting which detracts fromthe
magneti ¢ perfornmance.

Cores used in tel ephone circuitry utilize a highly alloyed
powder, either nolybdenum permall oy or sendust, which is prem xed
with a ceram c powder that acts as the insulating nmedium (8)
Conpaction is performed at pressures up to 100 tons per square



inch (1,370 MPa) and foll ow ng conpaction the cores are
magnetically annealed. Annealing is required to mnimze the
del eterious effects of cold work on the magnetic performance of
the core material. This technology is limted by high materi al
cost and the utilization of very high conpaction pressures. The
advantage is that the post conpaction annealing step elimnates
the cold work introduced during conpaction thus inproving the
magneti ¢ perfornmance.

| NSULATED | RON POADER

At the 1995 International Conference on Powder Metallurgy &
Particulate Materials, two presentations discussed the techni que
of coating iron powder with a thin layer of a high performance

t hernopl astic. (6,9) The coating was applied utilizing fluid bed
technol ogy, allow ng the application of mnimal coating thickness
whil e maintaining insulating characteristics. This coating
technol ogy, in conjunction with hot powder conpaction techni ques,
produced hi gher part densities than previously attainable. The

hi gher conponent densities inproved the magnetic performance. In
addi tion, the uniformdispersion of the high performance plastic
produced enhanced strength of the as-conpacted conponent,
approaching 10X the green strength of non-coated iron powder.
Table I'll summarizes the green density and green strength of both
conventionally conpacted nmaterial and that of the

m croencapsul ated iron powders.

Table I'l1l: Encapsul ated G een Strength and Density Data

Process Paraneters
Powder Tenperature
D e RT 75°F 125°F 175°F 225°F | 225°F
Tenper at ure

RT 150°F | 250°F 350°F | 450°F | 550°F

Standard P/ M -- Adm xed Lube

Density (g/ cm)* 6.92] 6.94 | 6.97 6. 97 7.1 7.05

TRS (psi) 2250 | 2310 | 2750 | 3100 | 3250 | 4150

M cr oencapsul at ed Powder

Density (g/cm)* 7.04] 7.08 | 7.07 7.15 7.18 | 7.25

TRS (psi) 3448 | 3224 4343 4732 10670 | 16660

* Conpacted at 50 tsi

The data denonstrates clearly the higher density attained by warm
conpaction techniques. Al so, by encapsulating the iron powder,
the as conpacted strength inproved significantly. Further

i nprovenents to the strength of m croencapsul ated iron powder
were realized when the conponent was subjected to a post
conpaction curing cycle. The 600°F (315°C) thermal cycle inproved
the green strength to approxi mately 35,000 psi (240 Ma). (6)




Magneti c perfornmance of the plastic m croencapsul ated i ron powder
is summarized in Table IV. Perneability, maximminduction, and
resistivity vary wwth the anount of plastic and pre-insulation of
the iron powder. Distinct grades were devel oped that maintain
constant perneability for various frequency ranges. It was
denonstrated that the total nagnetic core | osses of these
materials in that constant perneability range were dependent upon
the hysteresis loss of the material. Eddy current |osses are
mnimzed in the constant perneability range by the sel ection of
coating thickness and particle size distribution. This
elimnation of the eddy current |osses for plastic coated
material resulted in lower total | osses at higher operating
frequenci es.

Tabl e 1V: Magnetic Performance Data of Plastic Coated |Iron Powder

Mat eri al Initial Maxi num Coerci ve | nducti on
Perneability Pernmeability For ce at 40 Ce
(Ce) (9
SC120 120 425 4.7 11, 200
SC100 100 400 4.8 10, 900
TC80 80 210 4.7 7,700

Not wi t hst andi ng t he advantages of higher densities and reduced
anounts of insulation, the conpaction of the coated iron powders
i ntroduces cold work into the iron particles, thus increasing the
coercive force of the material (to approximately 5 Oe). As

di scussed earlier, the plastic coated iron powder mnim zes the
eddy current | osses but the hysteresis | oss portion of the total
core loss is now dom nant. The hysteresis | oss can be represented
by the foll ow ng equati on:

Hysteresis Loss = Ky x Loop Area x f [2]

in which “Ky” is a constant, “f” is the frequency, and the *Loop
Area” is the neasured DC | oop area of the hysteresis curve.

The total core loss of a magnetic device is the sum of the eddy
current | osses and hysteresis |osses (the summtion of equation 1
and equation 2). In conventional |amnated steel assenblies, the
eddy current |osses increase dramatically as the frequency

i ncreases, because they are proportional to the frequency
squared. One way to mnimze the total core |loss is reduce or
elimnate the eddy current |osses. The insulated iron materi al
described in references 6 and 9 clearly denonstrates that these
materials mnimze the eddy current |osses by restricting the
eddy currents to a small iron particle.

Shown as Figure 1 are the hysteresis curves for a steel
| am nation assenbly tested under DC conditions, at 50Hz, and at
500Hz. When tested under DC conditions the | am nation assenbly




exhibits a maxi mum perneability of approximately 2000 with a
“square” hysteresis curve. Wien the applied nmagnetic field begins
to vary with tine, the shape of the B-H curve becones oval and
the total |oop area increases dramatically. The cause of this
broadeni ng of the B-H curve is the detrinental effect of the eddy
currents that results in a lowering of the nagnetic perfornance
at hi gher frequenci es.

Figure 2 shows the magnetization curves for Ancorsteel SC120
tested under DC conditions, at 50 HZ and at 500 Hz. The DC
magneti c properties of the insulated iron are inferior to the
conventional |amnation steel assenbly. For exanple, the maximm
pernmeability of the steel lamnations is approxi mately 2000;
whereas, the insulated iron material is approxi mately 450.
However, as the magnetizing field begins to vary with tine, the
shape of the B-H curve for the insulated iron remains constant.
There is a broadening of the curve resulting fromthe higher
frequency (predicted from Equation 2), but the curve is not
changing to an oval as observed with the | am nated steel

assenbly. The significance of the constant shape of the B-H curve
is the mnimzation of eddy currents at the higher frequency. If
the total | oop area is conpared for the two naterials, it is
observed that the insulated iron has a higher |loop area up to
approxi mately 1000 Hz but above that |evel, the | am nated steel
assenbly has a greater |loop area. This inplies that the insul ated
iron material is nore efficient at the higher frequencies and
will make a better core material in this operating range.
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Figure 1. Hysteresis Curves for Lam nation Steel
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Figure 2: Hysteresis Curves for Ancorsteel SC 120

Table 5 sumari zes the perneability and core loss at a 10 Gauss

i nduction |evel of the |lam nation assenbly and the Ancorsteel
SC120 material. Note the perneability of the | am nation stack
starts at a relatively high level conpared with the insul ated
iron material but it decreases as the frequency increases.

Coi ncidental with the decrease in perneability is the increase in
core loss. The insulated iron has a greater core | oss at |ower
frequenci es because of the higher hysteresis | osses. However, as
t he frequency increases, the increase in core loss is |ess
dramatic conpared with the am nation material. As di scussed
earlier in this report, the insulated iron powder can be prepared
so as to have constant perneability up to 50,000 Hz. In
applications requiring these very high frequencies, the
superiority of the insulated material is nore significant. The
inplication of this trend is that the magnetic part designer can
utilize the constant perneability of the insulated iron materials
over a broader frequency range w thout the correspondi ng increase
in eddy current | osses.

Table V: Initial Perneability and Core Loss, Lam nation Assenbly
and Ancorsteel SC120

Lam nation Stack Ancor st eel SC120
Fr equency Initial Core Initial Core
Perneability Loss Perneability Loss
(MW cnri) (MW cnr)
100 220 0.08 89 4.18




200 221 0.21 89 4.31

500 220 0.91 89 4. 88

1000 211 3.2 88 6. 47

2000 182 12. 4 88 6. 47

5000 112 96 79 48. 1

10000 70 379 65 181
CHALLENGES

Atrend in the electrical notor market is the increasing usage of
brushl ess DC notors and vari abl e speed AC drives. Unlike
traditional AC notors, these new types offer variable rotor speed
wi t hout the corresponding | oss of performance that is associated
with sinply varying the frequency of an induction notor. (10)

Vari abl e speed drives are particularly useful in constant duty
appl i cations where constant rotor speed and torque output are not
necessary. Exanples of these applications are conpressors for air
conditioning and refrigeration. Energy savings can be realized by
mat chi ng the output of the conpressor to the need for cooling.
Energy efficiencies up to 90% are possible with these new
designs. Insulated iron powler offers the constant magnetic
performance over a w de frequency range coupled with the
potential for lower total |osses at the higher operating
frequency. Insulated iron powder also offers the designer three
di mensi onal design flexibility and three dinensional flux
carrying capability that is not possible in conventional

| am nat ed assenbl i es.

For PPMto gain a greater foothold in the AC nagnetic narket, the
i ndustry must devel op new materi als and processing technol ogy to
meet the new market opportunities. The trends toward high
efficiency notor designs and electronic materials wll
necessitate increased operating efficiency with concurrent | ower
manuf acturing costs. If powder netallurgy is to participate in
this growing market, new materials and processing will be

requi red. Higher perneability and |lower |oss materials are one
key to opening this market for PPM As discussed earlier, the
total core loss of the insulated iron materials is dependent upon
the hysteresis loss of the iron powder. The cold working inparted
to the iron during conpaction results in the coercive force
increasing from1l.7 Ce for a sintered material to in excess of
4.5 Ce for the conpacted insulated iron material. The key to

| owering the coercive force is either to develop a coating that
can wi thstand annealing tenperatures or devel opnent of conpaction
technol ogy that does not introduce the deleterious cold work.
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Figure 3: The Perneability of NANOCOM Materi al

One technique to elimnate the deleterious effects of cold
wor ki ng the iron powder was pioneered by Dr. Kugimya. (11) In
this technique, the surface of the powder was first oxidized; the
powder was then hot pressed to full density (this material is
referred to as “NANOCCON' material). This processing produced high
bulk resistivity wwth excellent perneability and |low total core

| osses. Figure 3 shows the perneability vs. frequency response of
the “NANOCON' material relative to the bul k sendust material. It
was interesting that the maxi mum perneability of the oxidized and
hot pressed sendust was approximately 25% of the bul k sendust
material. However, the high frequency perneability surpassed that
of the bulk material.

At present, hot pressing is not an econom cal process for the
mass production of commercial conponents. ldeally, the nbst cost
effective production nethod is to die conpact an insulated iron
powder and follow the conpaction step with a | ow tenperature
anneal to reduce the internal stress of the iron powder. If the
coercive force were reduced to 1.7 Ce, the total core |oss of the
insulated iron material woul d decrease approximately 50% This
reduction of total core | oss would expand the usage of insulated
iron materials in a greater diversity of AC magnetic
appl i cations.

In the manuf acture of powder conponents, new conpaction
technol ogi es are being explored that could elimnate the cold
wor ki ng of the iron powder. New tooling lubrication techniques
are needed to significantly reduce the need for prem xed powder

[ ubrication. Additionally, the P/Mpart fabricator should
continue to identify and pursue new market opportunities beyond
the current application base of PPM The market opportunities in
the AC el ectrical arena offer excellent growth opportunities for



PIM Wth the greater enphasis on high efficiency electrical
notors, high frequency transforners and nore diverse consuner
el ectronics, the P/Mindustry has only scratched the surface of
this exciting market.

CONCLUSI ONS

Thi s paper denonstrated the advantages of insulated powder P/ M
technol ogy for high frequency AC applications. Insulated iron
powder offers new possibilities for inprovenents in electrical
machi ne performance, material cost and probably nost inportant of
all, new production possibilities. One of the keys is to invite
radi cal ly new design directions. The desi gner needs to design
wth PPMfromthe start to full utilize the advantages of the
product. The growi ng market for electrical materials is an
excel l ent opportunity for P/ M expansion into new applications. A
unified effort enconpassing the entire P/Mindustry wll be
required to neet the chall enges and satisfy these new demands. It
is awrthwhile effort as the rewards can be great.
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