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ABSTRACT

The powder netallurgy process provides the ability to manufacture
net shape parts froma variety of materials in a cost effective
manner. A market segnent that has exhibited the ability to take
advant age of powder netallurgy's flexibility has been in

el ectromagnetic applications. This area has shown significant
growh in the past decade that should continue for the
foreseeabl e future.

This paper will discuss materials and processes that have proven
successful in several electromagnetic applications. Both sintered
materials for DC type applications and insulated materials for AC
applications wll be reviewed along with appropriate processing
techni ques for each. Specific applications for both materials

wi |l be presented.

| NTRODUCTI ON

Magnetic materials are essential elenents in today's electronic
worl d. Fromthe notors and turbines that provide the power for
industry to the high frequency transfornmers that power conputers,
magnetic materials are becom ng increasing nore inportant as the
consuner demands: greater reliability, higher energy efficiency,
and | ower manufacturing costs. Powder netallurgy (P/M processing
of fers the product designer a w de range of magnetic materials
that covers both DC and AC applications. The recent collection of
papers witten on this subject is affirmation to the high
interest in P/Mmagnetic applications.[1-4]

The advantages of the P/M parts nmaking process in magnetic
applications are simlar to the advantages offered in structural
applications. Specifically, these include: greater materi al
usage, the ability to produce conpl ex shapes to net shape, and
the ability to tailor the magnetic properties to the specific



application by controlling the material and the processing
par anet ers.

The autonotive industry has enbraced P/ M nmagnetic usage with
applications such as the ABS wheel sensors, engine sensors, and
sol enoi d conmponents.[5] Recently, Del phi Energy and Engi ne
Managenment Systens have utilized P/ M processing to manufacture
autonotive ignition coils.[6] This part represents the first
commercial use of a plastic coated iron powder expanding the
usage of P/Minto non-traditional AC applications. These various
applications denonstrate the utility of P/ M processing; nore
inportantly, they offer the prom se of greater applications in a
much broader market base.

Thr oughout this paper, the discussion will focus on soft magnetic
materials. Soft magnetic materials are characterized as those
materials that can be both easily nmagneti zed and easily

demagneti zed. Relating these effects to the B-H or Hysteresis
curve shown as Figure 1, soft magnetic materials have higher
perneabi lity, higher saturation induction, and | ower coercive
force values relative to hard magnetic materi al s.

The uses for soft magnetic materials are typically classified as
either DC or AC applications. DC or direct current applications
are characterized by a constant applied field (froma battery
type device). The nost common DC applications are found in

aut onobi | es. Key magnetic characteristics for DC applications are
pernmeability, coercive force, and saturation induction. AC or
alternating current applications are characterized by a
constantly changing applied field. Key magnetic paraneters in AC
applications are perneability, saturation, and total core | osses
resulting fromthe alternating magnetic field.[7]

Powder mnetal | urgy processing can be applied to both DC and AC
types of applications. DC applications typically utilize a press
and sinter process as outlined in Figure 2. The choice of alloy
system density, and sintering practice can greatly affect the
resul tant magnetic properties. AC applications were typically
once exclusively satisfied by steel |am nations. However, the
recent introduction of polyner coated iron powders has opened the
door for PFMto be utilized in AC applications. These pol yner
coated powders are used in the as pressed condition; no sintering
is required. The presence of the high performance pol yner

provi des adequate strength to neet part requirenents.|[8]
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This paper will review the processing paraneters and resulting
magneti ¢ performance for both sintered and non-sintered P/ M
materials. Enphasis will be given to defining application
specific requirenments and selecting the optimal P/ M material .

PROPERTI ES AND PROCESSI NG OF SI NTERED P/ M MATERI ALS

For DC applications, the P/Mpart designer has multiple choices
for alloy systens and part processing techniques to neet the
speci fic magnetic performance requirenents. The magnetic
properties of perneability, coercive force, and induction at an
applied field are considered structure sensitive properties. That
is, they are affected by the part processing and netall urgical
factors such as alloying elenents and residual interstitial

el enent s.

To fully utilize PFMs cost advantage, material selection can be
opti m zed dependi ng upon the part application. For exanple, in
applications where saturation induction is the key magnetic
paraneter, these applications are ideal candidates for the

unal l oyed iron materials.[9] It has been denonstrated that
saturation induction of PPMmaterials is a linear function of
part density regardless of the alloy content of the iron system
Thus sel ecting an unalloyed iron that satisfies the part density
requirement will result in the | owest cost P/Mpart. Figure 3
shows the saturation induction and the induction at 15 Qersteds
for both pure iron and iron phosphorus alloys, sintered at 2050°F
(1120°C). This data clearly indicates that both the phosphorus



and unal |l oyed irons have the identical saturation induction at a
gi ven density. However, the induction at |lower |evels of applied
fields is affected by the alloying in the powder.
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Figure 3: Induction of P/M Mterials

Pernmeability is that property of a magnetic material that denotes
how easily the material is nmagnetized. H gh perneability is
desirable in those applications where a quick response to an
applied current is inportant. Relays and printer actuator

mechani snms are exanples of applications requiring a fast
response.[10] Additions of phosphorus and silicon can
significantly inprove the magnetic perneability relative to pure
irons. Figure 4 shows the perneability as a function of density
for pure iron, iron phosphorus alloys, and iron silicon alloys.
The iron and iron phosphorus materials were sintered at 2050°F
(1120°C). VWhereas, the sintering of the iron silicon alloys was
done at 1260°C (2300°F). This was necessary to honogeni ze the
silicon that was added as a silicon iron master all oy.
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Figure 4: Perneability of P/M Materials

Powder alloys that exhibit the highest perneability are prealloys
of iron and nickel, the nost common being 50% w o nickel / 50%
wo iron. This material exhibits perneability values up to 15, 000
Gauss/ Cersted with a coercive force of approximtely 0.25
Cersteds. Drawbacks to this systemare: the high material cost
(due to the high nickel content), |ow maxi mnum saturation

i nduction, and the severe degradation of magnetic properties with
m nor anounts of cold working or machining. Typical applications
for sintered nickel iron alloys are small parts that are
processed to very high densities.

Wthin the |last five years, the autonotive industry has

i ntroduced anti-lock braking systens as standard equi pnment on
many new cars. These systens nonitor the differential voltage
establ i shed when a toothed nmagnetic material rotates in proximty
of a magnetic sensor.[11] The controller senses wheel slippage
when the generated voltage on a particular wheel is reduced. The
key characteristic of this application is corrosion resistance
concurrent with acceptabl e magnetic performance. Two options to
meet this criteria are ferritic stainless steel or an unall oyed
iron that has been treated with a corrosion resistant coating.

Shown in Table | is a summary of the P/Malloy systens and the
expected magnetic properties. It can be used as a guideline for
selecting a PPMmagnetic material. Geater detail about each of
the alloy systens is available in the literature.

Table 1. Typical Properties of Sintered P/M Materials

[ Alloy System | Typical | Max. Perm | Hc | Bmax | Resi stivit




Density pmax (Ce) @15 Ce y
Range (kGauss) (HEm
(g/ cnd)
I ron 6.8 to 7.2 1800 to 4000 | 1.5 to 2.5 10 to 13 10
I ron- Phos 6.7to 7.4 2500 to 6000 | 1.2 to 2.0 10 to 14 30
I ron-Si 6.8 to 7.5 | 4000 to 10000 | 0.3 to 1.0 8to 11 60
400 Series SS| 5.9to0 7.2 500 to 2000 1.5to0 3.0 5to 10 50
50Ni / 50Fe 7.2 to 7.6 | 5000 to 15000 | 0.2 to 0.5 9to 14 45

Processi ng Consi derations

To this point in the paper, the discussion has concentrated on
the materials and key magnetic paraneters. P/ M processing is
unique in that the nmagnetic properties can be tailored via part
density and sintering to neet the specific requirenents. As
mentioned earlier, density has a significant effect on the part
performance. H gher density P/ M parts exhibit increased
perneabi lity and saturation induction without any degradation of
the coercive force. Techniques to increase the part density

i ncl ude doubl e press/doubl e sinter, warm conpaction, or
restriking a fully sintered part.

I ncreasing the density by either double press/double sinter or
war m conpacti on processing results in sintered densities
approaching 7.4 to 7.5 g/cni. At these density levels, the
perneabi lity and saturation induction approach the val ues
achieved for fully dense wought steels. Table 2 shows a
conparison of a | ow carbon wought steel with pure iron and
phosphorus irons pressed to 7.3 to 7.35 g/cnf. The w ought steel
was evaluated in the as forged condition. Perfornmance of the P/ M
materials is conparable in both perneability and saturation

i nduction to the wought ASI 1008 at 15 Ce. The P/Mmaterials
are superior in terns of |ower coercive force val ues.

I nterestingly, the nechanical properties of the warm conpacted
Ancorsteel 45P are simlar to the | ow carbon steel forging. Thus,
the P/Malternative produces a part that gives equival ent
magneti c properties along with conparabl e nechani cal properties.

Tabl e 2: Conpari son of ANCORDENSE Processed Ancorsteel 1000B and
Ancorsteel 45P with AI'SI 1008
Property Al SI 1008 Ancor st eel Ancorsteel 45P @
[12] 1000B @ 7.35 g/cm
7.30 g/cm
Pernmeability, 1900 2700 2700
G Ce
| nduction @15 Ce 14, 400 15, 000 15, 100
Coer si ve Force, 3.00 2.1 1.9
Ce
Yield Strength, 285 (42, 000) 145 (21, 000) 285 (42, 000)




Ma (psi)

Tensile Strength
Mpa (psi)

386 (56, 000)

225 (32, 800)

405 (59, 400)

El ongation, %

37

13.7

12

It is worth noting that
negative effect on the magnetic properties.
repressing on the magnetic properties with and w thout

ef fect of

repressing a PFMpart has a significant
Tabl e 3 shows the

an anneal i ng step. The decrease in magnetic performance resulting
fromthe restrike is elimnated when the part
subsequent anneal i ng operati on.
effects of secondary processing on the magnetic performance of
P/ M parts has been given by Frayman. [ 13]

An excel | ent

is given a
review of the

Tabl e 3: Effect of Repressing on the Magnetic Properties of

Ancorsteel 45P at 6.8 g/cm
Condi ti on Max Perm Coer si ve Force, | nduction @15 Ce
Ce
As Sintered 2,260 1.98 11, 000
Si nt ered- Si zed 1,160 2. 69 9, 800
Si nt er ed- Si zed- 2,270 2.22 11, 200

Anneal ed

Structure sensitive properties of nagnetic naterials are the

perneability,
magneti c parts,

affected by the density of the conponent.

coerci ve force,
the perneability and residual

and resi dual

i nducti on.
i nduction are
However,

Wth P/ M

it has been

shown that the coercive force is not density sensitive.[9]
Pernmeability is affected by both the density and m crostructure

of the final part

Sever a

key paraneters that

i nfl uence the

structure sensitive properties in magnetic materials are grain

Si ze,
particul ar
nitrogen).

resi dua

pore size and norphol ogy, and materi al
interstitial
Figure 5 shows the perneability of Ancorsteel
sintered at 1120°C (2050°F) and 1260°C (2300°F).

el ement s,

purity (in
such as carbon and

45P
Sintering at the

hi gher tenperature results in a larger grain size and greater

pore roundi ng;

consequent |y, higher

pernmeability.
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Figure 5. Effects of Density and Sintering Tenperature on the
Perneability of Ancorsteel 45P

Figure 6 illustrates the effect of both sintering tenperature and
el evated nitrogen |l evels on the coercive force and perneability.
The data illustrates that sintering at an el evated tenperature

results in a significantly | ower coercive force and higher
perneability. The presence of increased nitrogen |levels results
in a degradation of the magnetic properties. Carbon has a simlar
effect to nitrogen on the magnetic performance; that is, the

hi gher the carbon content the | ower the nmagnetic response. High
nitrogen and hi gh carbon contents are the result of inproper
sintering and/or inproper atnosphere selection. Care is necessary
to ensure that proper lubricant burn out is effected and that a
clean furnace is utilized to insure a | ow carbon content.

Ni trogen content can be mnimzed by utilizing pure hydrogen in
the sintering atnosphere.
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Figure 6: The Effect of Nitrogen Content and Sintering
Tenperature on Magnetic Properties of Ancorsteel 45P

PROPERTI ES AND PROCESSI NG OF | NSULATED MATERI ALS

Sintered PPMnmaterials are well suited for DC nagnetic
applications. However, their usefulness in AC applications is
l[imted. AC applications are characterized by an alternating
magnetic field. The consequence of this alternating applied
magnetic field is the generation of heat within the magnetic
material. This heat build up can be equated to the summati on of
hysteresis | osses and eddy current | osses.

Hysteresis loss is defined as the energy absorbed by the nateri al
as the alternating magnetic field sweeps around the hysteresis
curve.[7] The hysteresis loss is a function of the | oop area of
the B-H curve and can be expressed as foll ows:

Hysteresis | osses = KelLoop Area « f Eq(1)

where Ky is a constant, the loop area is the area contained in
the hysteresis loop in GQOe and f is the frequency in Hz.
Hysteresis | osses are affected by the coercive force of the
material, illustrated in Figure 1. Specifically, higher values of
coercive force result in higher hysteresis |osses and | ower

val ues of coercive force result in |ower hysteresis |osses.

Eddy current | osses are generated in the magnetic material in a
di rection opposing the applied alternating magnetic field. Eddy
current |osses are affected by the frequency, the induction



| evel, the resistivity of the material, and the thickness of the
material. A mathematical expression for eddy current loss is as
fol |l ows:

Eddy Current Loss=Ke(d?eB*f?)/y Eq(2) [7]

where Kc is a constant, d is the thickness of the naterial, Bis

the induction level, f is the frequency and y is the electrical
resistivity of the material.

Both the hysteresis and eddy current |osses reduce the nmagnetic
performance in AC fields. The mnim zation of both types of

| osses is critical in high efficiency AC devices. In conventional
wrought netal lurgy, mnimzing these | osses is acconplished by
the use of |am nated steel assenblies and higher resistivity
steel lam nations. Referring to equation 2, both higher
resistivity and thinner |am nations reduce the total core | oss of
t he device. However, the nost significant effect is achieved by
using thinner steels. H gher resistivity is achieved with
additions of silicon and alum num Both thinner |am nations and

i ncreased alloy content have practical limtations in w ought
metal lurgy. Increasing the alloy content |eads to greater forces
required to roll the material wth greater |ikelihood of
cracki ng. These higher strengths result in greater die wear
during stanping operations. The lower Iimt for gage thickness is
0.13 mm (0. 005 inches).
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Figure 7. Conponents of Core Figure 8. Processing
Loss vs Frequency Rout e for Ancorsteel
| nsul at ed Powders

Conventional steel |am nations are used quite successfully in 60
Hz applications. As the frequency increases, eddy current |osses



begin to domnate and ultimately reach unacceptabl e | evel s.
Figure 7 shows graphically the rel ationship between total core
| osses, eddy current | osses and hysteresis | osses. The
intersection point of hysteresis |oss and eddy current loss is
that point at which the hysteresis | osses dom nate at | ower
frequencies and the eddy current |osses dom nate at higher
frequencies. This transition point can be shifted by varying the
t hi ckness of the sheet as well as the resistivity of the
material. As stated earlier, the nost dom nant variable in the
total core loss is the thickness of the material; its
contribution to total |osses is a function of the thickness
raised to the second power.

Because the thickness of the material is the dom nant variable in
total core |osses, the use of powder netallurgy in AC
applications has been proposed nmany tines. The reasoning for this
is the inherent small particle size of powders. However, the
usage of powder netallurgy processing has been limted to SMPS
(sw tched node power supplies) and | oading coils.[14] The fine
particle size of the powder allowed these applications to operate
in the kilohertz frequency range. The recent introduction of iron
powder plastic conposites was intended to extend the application
base for PPMinto | ower frequency applications. A polyner was
incorporated to both electrically insulate the powder particles
and add nechanical strength to the as pressed conponent. The
manufacturing route for this material is shown in Figure 8. An
optional oxide coating is utilized for those applications
requiring greater interparticle resistivity.

The pol yner coating level used is typically less than 1 wei ght
percent age. Conpaction is performed utilizing heated powder and
heat ed tooling at conpaction pressures of 400 MPa to 675 MPa (30
to 50 tsi). The conbi nation of heated powder and hi gh conpaction
pressure results in flow of the polynmer formng a conti nuous
matri x around the iron powder particles. A die-wall spray
lubricant is applied to facilitate part ejection. The strength of
t he conpacted part can be enhanced by using the optional therm
treatment with no loss in magnetic properties.

Mat eri al Properties

I nsul ated iron powders are designed to be used in the as pressed
condition. As such, the strength of the “green” part nust be

sufficient to withstand the stresses associated wth the w ndi ng
or final assenbly of the conponent. Shown in Figure 9 is the

transverse rupture strength of the conpacted insul ated powder in
the as pressed and as pressed and cured condition. For reference,
a standard P/ Munalloyed iron is also included. It is noteworthy
that the strength of the insulated iron is approximately 100 MPa
(15,000 psi) in the as pressed condition. After the optional |ow



tenperature heat treatnent the strength increases to nearly 240
MPa (35,000 psi). Conparable strength of the standard P/ M
material in the “green” or as conpacted condition is

approxi mately 20 MPa (3,000 psi).

Three distinct coated iron powders are currently avail able. Table
4 shows the conposition and the DC nagnetic properties of these
three materials. Although three grades are presented, the

manuf acturing process for these powders is very flexible and thus
powders can be customtailored to neet specific application
requirenents.

The effect of frequency on the perneability of these three
materials is shown in Figure 10. The Ancorsteel SC- 120 materi al
provi des the highest perneability at the |l ower frequency |evels
while the TC-80 material indicates the best high frequency
performance. The increase in eddy currents as the frequency is
increased results in a decrease in effective perneability and a
“roll-off” in perneability values with increasing frequency. The
SC- 120 material is designed to provide the highest performance at
| oner frequency |levels by controlling the particle size and
utilizing only the polyner coating. The TC-80 material uses a
finer particle size distribution, the oxide coating and a hi gher
| evel of polymer coating to provide maxi numreduction of eddy
currents. The performance of the SC- 100 material |ies between the
ot her two grades.
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Figure 11 shows the effect of frequency on total core | osses for
the TC-80 material conpared wwth a | am nation steel. The



| am nation steel is a non-oriented 3 wo siliconiron rolled to a
t hi ckness of 0.2 nmm (0.007 inches). At |ow frequency |evels,
where the core | osses are dom nated by hysteresis | osses, the

| am nated material shows | ower |osses than the coated powder
material. This limts the | ow frequency performance of plastic
coated iron conpacts, as the hysteresis |osses are high relative
to lam nated steels. However, the reduced eddy current | oss
inherent in the plastic coated iron results in |lower |osses and
t hus hi gher efficiency at the higher frequency range where the
total core | osses are dom nated by the eddy current | osses
(Figure 7).

Table 4. Sunmary of DC Magnetic Perfornmance of Coated |Iron Powder

Ancor st eel Pol ymer Oxi de Density Initial Maxi mum Coerci ve I nducti on
Mat eri al Coating | Coating at 690 Per m Per m For ce at 40 Ce
(W o) Mpa (Ce) (9
(50t si)
g/ cn?
SC120 0. 60 NO 7.45 120 425 4.7 11, 200
SC100 0.75 NO 7.40 100 400 4.8 10, 900
TC80 0.75 YES 7.2 80 210 4.7 7,700
100000
0.2mm (0.007in) thick
10000 | 3% Si-lron
=~1000
5
2 100 |
e 10|
g
S 1
0.1
0.01
1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Frequency (Hz)

Figure 11: Core Loss oc Ancorsteel TC80 vs 3 wo Silicon
Lam nation at 5000 G
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Figure 12: B-H Curves for Ancorsteel SC 100, Exp 1, and CRWM
Future Directions

The future direction of the insulated iron powler devel opnent is
ai med at those applications that have | ower operating
frequencies; in particular those applications at 60 Hz. Two
approaches are being explored: one is the achi evenent of higher
densities by optim zing the amount of polynmer. The second
approach is to conbine the insulating material with a powder
based lubricant to facilitate the conpaction process. Table 5 is
a conparison of the standard Ancorsteel SC100 with a nodified
material targeted for the | ow frequency applications. Wth
optim zation of the polynmer content, a significant increase in
green density is achieved along with a correspondi ng i ncrease in
t he magnetic performance. The increase in density from7.35 g/cn?
to 7.50 g/cnfincreases the initial perneability approximately
16% with a corresponding increase in the maxi num perneability
from450 to 680 G Ce. The saturation induction at 40 Ce increase
from approximately 10,600 Gauss to 12,660 Gauss. The
corresponding B-H curve for the two materials is shown in Figure
12. For conparison a |lamnated stack of CRML (cold rolled notor

| am nation stack) is also included.

Table 5: Sunmary of Magnetic Data for Ancorsteel SC100 and
Modi fied Insul ated Powder Both Conpacted at 690wvPa (50 tsi)

Mat eri al Initial Max Perm Coerci ve | nducti on
Perm at 10 Force @40 Ce
Gauss (Ce) (Gauss)
SC 100 95 450 4. 45 10, 570
Exp 1 110 680 4. 45 12, 660




The second area of interest is the possible elimnation of the
need for warm conpaction while maintaining the magnetic
performance. Figure 13 shows the perneability versus frequency
response for three experinental grades of insul ated powders.
Nearly identical magnetic performance to the warm conpact ed
material is achieved without the need for heating the powder or
tooling. This material does have limted strength and limted
tenperature capability. However, it is intended to suppl enent the
existing insulated iron materials for those applications that
have | ower strength requirenents.

Permeability, G/IOe

1.E+D2 1.E+03 1.E+D4 1.E+05 1.E+06

Frequency

Figure 13: Perneability of Experinental |nsulated Powders

SUMVARY

The use of sintered PPMmaterials has grown significantly during
t he past several years. The flexibility of design along with the
efficiency of the P/ M manufacturing process has provided
significant opportunity for growmh. Table 6 outlines several
areas where P/ M applications have proven successful along with
the material type and performance concerns that dictate the

mat eri al sel ecti on.

| nsul ated iron powders have found a significant autonotive
application in the area of ignition systens. The conbi nati on of

| ow eddy current |osses and the shape maki ng characteristics of

t he P/ M manuf acturing process have provided a uni que opportunity.
In this application, the material is conpacted into the core of
the ignition coil that converts |ow voltage into the high voltage



the fires the spark plug. The ability to fire the plug

el ectronically provides significantly reduced assenbly cost, no
nmoving parts in this solid state ignition and inproved control of
the entire system The core is conpacted in three pieces, a
center spool and two end caps. The spool is wound with the
primary set of w ndings followed by a bobbin containing a | arge
nunber of fine secondary w ndings. The end caps are attached to
the spool to conplete the assenbly. The design requires that the
flux travel in all three dinensions during the firing and that
the coil operate at elevated frequencies. These requirenents are
well nmet by the insulated iron powder.

Table 6: Applications for Ferrous Sintered P/M Materials

Application Type Typi cal Materi al Performance Criteria
Mot or Franes Fe, Fe-P Sat urati on,
Density, Bmax
Pol e Pi eces Fe, Fe-P, Fe-Si Saturation, Density,
Pernmeability
Rel ays and Actuators Fe-P, Fe-Si, Response Ti ne,
50N / 50Fe Pernmeability,
Coerci ve Force
ABS Toner Ri ngs 400 SS, Fe, Fe-P Corr osi on,
Pernmeability
O her Sensors 400 SS, Fe, Fe-P Corr osi on,
Pernmeability

Addi tional applications have proven viable for this materi al

i ncl udi ng Brushl ess DC and |inear notor conponents. The further
application of insulated iron can be enhanced by increasing the
perneability and |l owering the coercive force. Optimzing the

pol ymer content with an understanding of the part requirenments
can lead to greater design flexibility with the use of insul ated
iron powders.
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