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ABSTRACT

Soft magnetic properties of P/Mparts are influenced by materials
and processing. This paper will review the nagnetic properties of
several iron-based materials along wth how vari ous processing
steps influence magnetic properties. In particular, density,
sintering tenperature, sintering tinme and sintering atnosphere
effects will be exam ned. Special attention will be paid to the

i nfluence that sintering conditions have on chem stry and the
resulting effects on magnetic properties. Materials investigated
in the study include pure iron and conbi nations of iron,
phosphorus, silicon and nickel.

| NTRODUCTI ON

Powder netallurgy (P/M parts have been used in nagnetic
applications for many years. Magnetic applications utilizing P/ M
of fer both econom cal benefits and design flexibility. A w de
range of magnetic performance requirenents can be nmet via P/IM

t hrough the proper choice of materials and the appropriate
processi ng of those materials. Much has been witten over the
past several years pertaining to the use of P/Mparts in soft
magneti c applications. Topics that have been covered include the
effects of density and structure on the magnetic properties, (1)
the properties of several P/Malloy systens, (2) and soft magnetic
applications for netal powders (3). This paper will attenpt to
conbi ne much of this information into a usable design reference
guide. Initially, basic magnetic concepts are reviewed and a
description of the test procedure that was utilized in this
investigation is given. Next, a review of several of the
materials that are wdely used for P/Msoft magnetic applications
is included and a di scussion of why these materials are the
materials of choice for their particular applications. Finally,
this paper will reviewthe effects that several inportant
processi ng paraneters have on the nagnetic perfornmance of the
mat eri al s.

OVERVI EW OF MAGNETI C PARAMETERS AND TESTI NG PROCEDURES

Magneti c Paraneters



Much has been witten describing the magnetic properties of a
material (4,5). A magnetic material can be characterized by its

hysteresis | oop, an exanple of which is illustrated in Figure 1
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Figure 1: Typical Hysteresis Loop

A hysteresis loop relates the response of the magnetic induction
(B) or flux density of a magnetic material to an applied magnetic
field (H. Applied magnetic field is expressed in oersteds (Qe)
and magnetic induction is nmeasured in gauss (G . Saturation

i nduction is that induction |level where further increases in
applied field result in no further increase in induction. The
coercive force (H) of a material is the reverse magnetic field
needed to bring the magnetic induction of a material to zero
after the material has been exposed to a forward magnetic field.
The residual induction (B) is the induction that remains in a
material after the applied field has been renoved (H =0). When
the material has been exposed to a magnetic field sufficient to
magneti ze the material to saturation, the coercive force and the
residual induction are referred to as the coercivity and the
retentivity, respectively. The perneability (n) is a neasure of
how easily a material may be nmagnetized and is defined as the
ratio of the flux density to the applied field (B/H). The hi ghest
ratio of B/H along the initial nmagnetization curve is referred to
as the maxi mum pernmeability (pMmwmx). Perneability is expressed
relative to the perneability of free space (M, =1) and is



uni tl ess although occasionally perneability is reported in units
of G Ce.

A soft magnetic material is characterized by a |ow coercivity
while a hard magnetic material or permanent nmagnet possesses a
very high coercivity. In general, properties that are
characteristic of a good soft magnetic material are high
permeabi lity, high saturation induction, and | ow coercivity.
Pernmeability and coercivity are strongly affected by changes in
the processing of the material as well as different alloying
schenmes. Saturation induction is |l ess sensitive to processing
variables and is primarily influenced by the anount and type of
all oy and the density of the finished part.

High electrical resistivity is inportant in materials for soft
magneti c applications that are exposed to alternating electric
fields. A varying magnetic field induces a voltage difference
within the material which in turn yields a current. This current,
comonly referred to as the eddy current, flows in the surface of
the material in a direction that sets up a magnetic field in the
direction opposing the original field, lowering the effective
perneability of the material. Additionally, this current tends to
generate heat within the material, reducing the operating
efficiency of the device. The current can be reduced by the use
of a higher resistance material. Alloying of the material has the
primary influence on resistivity.

Sanpl e Preparation and Testing

Magnetic results that will be discussed in this paper were
obtained fromtesting conducted on toroids neasuring 3.60 cm OD,
2.23 cm I D and conpacted to a height of 0.62 cm After sintering,
the toroids were then wound with 30 primary and 30 secondary
turns of #28 AWG wi re.

DC hysteresis | oops were generated on an LDJ Mbdel 3500

hyst eresi graph; a m croprocessor controlled unit capabl e of
obtaining a conplete hysteresis loop including the initial
magneti zation curve. Exanples of the information that can be
obtained fromthese hysteresis | oops include coercive force,
resi dual induction, maxi mum perneability, maxi mum i nduction and
hysteresis | oop area. The toroids were tested at a peak drive
field of 15 oersteds. A long ranp tinme of 10 seconds was chosen
to mnimze any variation in results due to the formation of eddy
currents in the varying magnetic field. Three toroids were
prepared for each of the test conditions and each toroid was
tested three tines.

Typically, induction |evels neasured at an applied field of only
15 Ce are not representative of the saturation induction of a



material. For a given material, the induction | evel neasured at
15 Ce is dependent upon the perneability as well as the
saturation induction of that material. It follows that the
coercive force and the residual induction neasured at a peak
drive field of only 15 Ce are not the coercivity and the
retentivity as previously defined. Limtations in the test

equi pnent prevented reaching the saturation induction of the
materials tested wthout the application of a high nunber of
primary turns to the toroid. Actual reported val ues for
saturation induction were neasured on an LDJ SM 8100 Saturation
| nducti on Measuring System

MATERI ALS SELECTI ON

Designers of electromagnetic devices utilizing wought materials
are faced with a wide variety of magnetic materials fromwhich to
choose. Simlarly, designers of P/Msoft magnetic conponents are
faced with a multiplicity of ferro-magnetic materials and
processi ng paths to neet perfornmance and cost requirenments. This
diversity of materials with seem ngly over-| appi ng magnetic
properties can |l ead to consi derabl e confusion over what materi al
is the best for a particular application. Several key questions
to ask when specifying nmaterials for a magnetic device are:

1. VWhat are the critical nmagnetic property requirenents for the
devi ce?

Dependi ng on application, high perneability, |ow coercive force,
high resistivity, high saturation induction or other specific
magneti c requi renents may be the key consi deration.

2. What are the cost constraints for the final conponent?

I ncluded in this econom c consideration are raw material costs,
fabrication costs, secondary operation costs and finished part
assenbl y costs.

3. What environnental situations will the device be required to
wi thstand? This may include increased corrosion resistance or
structural requirenents.

Avai l able PFMmaterials for magnetic applications include pure
iron, iron phosphorus alloys, iron-silicon alloys, prealloys of
nickel and iron and ferritic stainless steels. Table | summari zes
these five materials according to relative raw material cost,
typical part densities, and the resulting magnetic performance.

TABLE |
Typi cal Properties of P/M Magnetic Materials
Al | oy Typi cal Appr ox. Ulizse H Brrax Resi st
System Density | Rel ative (Ce) @s Ce| -ivity
(g/ cn) Cost (kG e




cm

Fe 6.8/7.2 1 1800/ 3500 |[1.5/2.5| 10/13 10
Fe-P 6.7/7.4 1.2 2500/ 6000 |1.2/2.0] 10/ 14 30
Fe- Si 6.8 1.4 2000/5000 [0.8/1.2] 8/11 60
400SS 5.9/6.5 3.5 500/ 1000 [2.0/4.0 6/ 8 50
SONi/50Fe | 7.2/7.6 10 5000/ 15000 | 0.2/0.5| 9/14 45

The follow ng sections will describe the five P/ M nmagnetic
material types and their typical part applications.

PURE | RON

Wat er atom zed pure iron powders are the nost frequently
specified for sintered DC magnetic materials. These materials can
be single pressed and sintered to densities up to 7.3 g/cn? with
m ni mal di mensi onal changes followng sintering (6). In general,
the magnetic properties for pure iron can be inproved as the
overall level of inpurities is reduced.

Table Il lists typical magnetic properties for several pure iron
mat eri als conpacted at 30, 40 and 50 tsi and sintered at 1120°C
and 1260°C (2050°F and 2300°F) for 30 mnutes in dissociated
ammoni a. This table indicates that increasing purity |levels
results in inproved powder conpressibility and enhanced magnetic
per f or mance.

Even though magnetic properties are generally inproved by

i ncreased density (see below), Figures 2 and 3 illustrate that
increases in the purity of the base iron result in inproved
magneti c properties at a given density |level. These inprovenents
in magnetic performance allow flexibility in specifying materials
and processing paraneters.
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Figure 2: coercive Force of Several Pure Irons

TABLE | |
Typi cal Magnetic Properties (15 Ce) of Ancorsteel® 1000,
Ancor steel 1000B and Ancorsteel 1000C

Ancor st eel 6. 2. 8.3 .
1000 40 7.02 2.08 9.7 11.4 | 2320
50 7.21 2.09 10.6 12.4 | 2650
1260 30 6.71 2.00 8.0 10.2 | 1920
40 7.03 1.93 10.0 11.9 | 2490
50 7.25 1.95 10.5 12.7 | 2790
Ancor st eel 1120 30 6.79 2.07 9.1 10.4 | 2150
1000B 40 7.09 2.06 10.7 11.9 | 2710
50 7.26 2.03 11. 4 12.7 | 3020
1260 30 6. 80 1.95 9.5 10.9 | 2460
40 7.12 1.90 10.8 12.2 | 2890
50 7.28 1.90 11.8 13.2 | 3190
Ancor st eel 1120 30 6. 82 1.84 9.2 10.6 | 2530
1000C 40 7.14 1.83 10.8 12.1 | 3070
50 7.30 1.83 11.6 12.9 | 3340
1260 30 6. 86 1.76 9.5 11.0 | 2730
40 7.14 1.72 10.9 12. 4 3190
50 7.32 1.68 11.7 13.2 | 3570
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Figure 3: Maximum Perneability of Pure Irons

Typi cal applications for pure iron materials are flux return
paths for DC notors (7,8). In these applications, the dom nant
magneti c property is saturation induction. Saturation induction
is achi eved via conponent density; the higher the density, the

hi gher the saturation |evel (see Figure 10). Pure iron represents
the | owest cost, nost easily processed material to satisfy this
requi renent.

Pure iron powders are susceptible to nitrogen aging(9, 10).

Ni trogen aging is characterized by an increase in the coercive
force after the magnetic device has been exposed to el evated
tenperatures for prolonged periods (Figure 4).

As indicated in Figure 4, nitrogen agi ng does not manifest itself
i medi ately after sintering. As a result, the end user can find
the magnetic performance of the part deteriorating with tinme. The
key to preventing nitrogen aging is sintering in atnospheres with
| ow percentages of nitrogen, thus, mnimzing nitrogen pickup in
the sintered part. Alternately, an iron-phosphorus material can
be specified as these materials show reduced susceptibility to
nitrogen aging.(11) Nitrogen content in the material below 25 ppm
hel p reduce the aging effect.
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Figure 4. The Effect of N trogen Aging on Coercive Force
| RON PHOSPHORUS ALLOYS

| ron- phosphorus alloys are the second nost specified P/ Msoft
magnetic material after pure iron. The 0.45% P/ Fe al |l oy
represents the domnant material in this famly.

| ron phosphorus alloys are patented products of Hdgands AB and
Hoeganaes Corporation that are produced by prem xing pure iron

wi th an iron-phosphorus internetallic. (12) During sintering, the
iron phosphorus internetallic nelts and diffuses into the iron,
increasing the density of the sintered conponent while enhancing
the resistivity and inproving the magnetic properties of the P/ M
conponent. Table I1l lists typical magnetic properties of 0.45%
P/ Fe and 0.80% P/ Fe al |l oys conpacted at 30, 40 and 50 tsi and
sintered at 1120°C and 1260°C for 30 m nutes in dissociated
ammoni a. Figures 5 and 6 illustrate the inproved nagnetic
performance of these all oys.

Typi cal applications for iron phosphorus alloys are speed sensors
and magnetic sol enoids and plungers. (13, 14) In these
applications, high perneability inproves the response tinme of the
magneti c device and allows nore efficient operation. O her
applications utilize the alloys' liquid phase sintering
capability to increase density and thus provide a higher
saturation induction |evel.
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Figure 5: Coercive Force of Iron-Phosphorus Alloys
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Figure 6: Maximum Perneability of |ron-Phosphorus All oys

TABLE 111:
Typi cal Magnetic Properties (15 Oe) of Ancorsteel 45P and
Ancor st eel 80P

Vet eri al Sintering Conpact i on Sintered He Br Brax irax
Tenper at ur e Press_ure Density (Oe) (kG) (kG)
(°O (tsi) (g/ cn)
Ancor st eel 1120 30 6.84 1.75 9.7 11.1 | 2830
45P 40 7.12 1.73 11.0 12. 4 | 3290
50 7.27 1.71 11.8 13.2 | 3700
1260 30 7.15 1.38 11.0 12.7 | 4220
40 7.35 1.33 11.0 13.5 | 4190
50 7.45 1.29 11.8 13.9 | 4450
Ancor st eel 1120 30 6. 86 1.50 11.8 11.9 | 3940
80P 40 7.16 1.45 10.6 13.1 | 4520
50 7.34 1.43 11.8 12.9 | 4780
1260 30 7.15 1.24 11.2 12.9 | 4930
40 7. 30 1.16 12.0 13.7 | 5510
50 7.41 1.14 12. 4 14.1 | 6060

As nentioned above, additions of phosphorus decrease the P/M
conponents' susceptibility to nitrogen aging. The presence of
phosphorus | owers the solubility of nitrogen in iron alloys, thus
| ess nitrogen is absorbed during sintering.(11) Wen utilizing
phosphorus, a transient |iquid phase is present during sintering
resulting in larger shrinkage as the phosphorus content is

i ncreased. Higher sintering tenperatures also result in
significant increases in shrinkage and hi gher density (Table
[11). This higher density results in |arge inprovenents in
magneti c performance but these inprovenents nust be considered
agai nst the | arger dinensional change experienced.

Phosphorus additions can have a beneficial effect on the
mechani cal properties of the PPMpart. (15) Figure 7 shows the
tensile strength and ductility of iron and iron phosphorus

alloys. It is also worth noting that the particle size

di stribution of the iron-phosphorus internetallic is critical.
The size distribution affects both the di nensional change
characteristics and the nmechani cal properties of the sintered P/ M
conponent .
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Thi s enhanced strength and ductility can be utilized in part
desi gns which are subject to nechanical stresses. Phosphorus
additions in excess of 0.60%can result in a reduction in the
strength and ductility of a part.

| RON SI LI CON ALLOYS

Al'loys of iron and silicon are made by prem xing pure iron with a
silicon-iron internmetallic. This approach allows the flexibility
to incorporate as nmuch silicon in the iron as is dictated by the
part design. Increased silicon contents result in higher
resistivity |evels.

To realize the full benefit of the ferro-silicon addition, the
sintering cycle nmust result in a honbgeneous iron-silicon

all oy(16,17). Unlike iron-phosphorus alloys which will honogenize
at 1120°C, alloys of iron and silicon require sintering
tenperatures of at |east 1260°C to achieve conplete

honogeni zation. This high sintering tenperature requires

speci alized furnaces with high purity atnosphere requirenents.

The usage of iron-silicon alloys is low. Unless the resistivities



obt ai nabl e are necessary in the part design, pure iron or iron
phosphorus materials offer nore readily processed materials with
equi val ent magnetic properties.

PREALLOYED | RON NI CKEL POWDERS

W ought all oys of 50N /50Fe and 36N / 64Fe are characterized by
extrenely high perneability (up to 50,000) and very | ow
coercivity (as lowas 0.05 Ce). In wought form these naterials
are specified for magnetic applications requiring inproved
response tinme such as audio coils, pulse transforners and high
speed rel ays. (18) A drawback to these materials is their
relatively | ow saturation induction |evels of 15 kG conpared to
steel having a saturation of 21.5 kG

Table IV lists typical magnetic properties of a water atom zed
preal | oyed 50N / 50Fe powder conpacted at 30 and 50 tsi and
sintered for 30 mnutes at 1120°C and 1260°C i n di ssoci at ed
anmoni a. Despite good conpressibility, the magjority of commerci al
50Ni / 50Fe P/ M conponents are doubl e pressed/double sintered to
densities in excess of 7.4 g/ cni. Doubl e press/doubl e sintered
processi ng may appear costly, however, it is m nor when conpared
to the high raw material cost (approximately ten tinmes pure

i ron).

Al'l oys of 50N /50Fe often require nmagnetic annealing after the
P/ M processing to achi eve maxi mum properties. Typical annealing
paraneters for this material are 1000°C/ 1070°C for two hours
followed by a slow cooling (not to exceed 3C° per mnute). The
annealing cycle is often substituted for the second sintering
cycle in a double press/double sinter process, thus reducing the
total processing costs.

TABLE IV
Sintered Density and Magnetic Properties of Ancor? 50Fe/ 50N

Mat erial Conpacted at 30 tsi and 50 tsi and Sintered at 1120°C
and 1260°C
Sintering Conpacti on Si ntered B B
Tenper at ur e Pressure Density ( (;g) ( kR ( kng) Ko
(°0O (tsi) (g/ cn?)
1120 30 6. 90 0.57 4.6 8.6 4730
50 7.40 0.58 5.3 10.9 5430
1260 30 7.01 0.47 5.5 9.8 7140
50 7.50 0.46 6.7 11.8 8910

There are many other alloys based on the Ni-Fe system utilized
in wought netallurgy for soft magnetic applications. These
alloys typically contain additions of nolybdenum vanadi um
silicon and other elenents. Although these alloys can be easily
manuf actured into powder, the additions result in significantly



reduced conpressibility. These alloys do not typically |Iend
t hensel ves in making effective P/ M conponents.

FERRI TI C STAI NLESS STEELS

P/Mferritic stainless steels are utilized for magnetic
conponent s because of their enhanced corrosion properties.
Magnetic properties of ferritic stainless steels are generally
inferior to pure irons because the ferritic stainless steels
contain a mnimumof 12% chrom um WMagnetic properties of 430L
and 434L stainless steels are listed in Table V.

These results should not inply that these materials are unusable
but rather that sonme magnetic properties are conpromsed to
obtai n superior corrosion resistance. The 1990 MPIF P/ M St ai nl ess
Steel Award of Distinction (a 430L ABS wheel sensor ring) was an
excel | ent exanple of the optim zation of magnetic perfornmance and
corrosion resistance. (19)

TABLE V
Typi cal Magnetic Properties (15 Oe) of Ancor 430L and Ancor 434L
(1% Lithium Stearate, 2050°F, 30 M nutes, H)

Materi al TR [T Ho Bx Brax | Huox
ressure

430L 40 6. 45 2.29 4.7 7.3 1000

50 6. 67 2.32 5.1 7.9 1040

434L 40 6. 43 2.01 4.6 7.3 1090

50 6. 65 1.90 4.8 7.9 1170

During the processing of stainless steel magnetic parts, the
parts fabricator nust be cognizant of stainless steel's affinity
for carbon and nitrogen. Not only will the corrosion and
mechani cal properties degrade but a significant reduction in
magneti c response will occur as carbon and nitrogen are absorbed
as inpurities (see bel ow).

| mpurity Levels from Processing

As nentioned above, inmpurity content in the base material can
greatly influence magnetic performance. A second and per haps
greater inpurity source in the finished conponent derives from
sintering conditions. Two elenments that have a potent effect on
magneti c properties are nitrogen and carbon. M nim zing the
carbon and nitrogen to the | owest possible levels will result in
i nproved magnetic performance. Two potential sources of carbon
contam nation in the finished conponent are an inadequate

| ubricant burn-off and an i nproper sintering atnosphere.



To eval uate the effect of carbon and nitrogen, magnetic test
toroids were conpacted at 30 tsi froma 0.45% P/ Fe material with
0.75% zinc stearate and sintered in a variety of atnospheres at
1120° C and 1260° C for 30 mnutes at tenperature. These sanpl es
were then tested for nmagnetic properties and anal yzed for

chem cal conposition. The results of the chem cal analysis are
presented in Table VI and are illustrated in Figures 8 and 9.

TABLE VI
Carbon and Nitrogen Anal ysis of Ancorsteel 45P Sanpl es
Sintered In Several Atnobspheres

Si ntering At mospher e C N
Tenperat ure (W.% (W.%
1120°C Endo 0. 150 0. 0133
90% No/ 10% H, 0. 004 0. 0095
D. A 0. 005 0. 0016
100% H, 0. 019 0. 0006
1260°C 90% N,/ 10% H, 0. 006 0. 0077
D. A 0. 006 0. 0043
100% H, 0. 010 0. 0002

As is apparent fromthis data, sintering in an endothermc

at nosphere resulted in the highest carbon and nitrogen |evels.
Switching to a 90% N,/ 10% H, at nosphere resulted in nuch reduced
carbon contents, however, the nitrogen content remained at a high
| evel .
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Figure 9: Effect of Sintering Atnosphere on Sintered N trogen
Cont ent

When toroids were sintered in a dissociated ammoni a at nosphere,
the carbon content remained at a low | evel while the nitrogen

| evel reduced significantly. Toroids sintered in pure H gas

i ndicated the | owest |evel of retained nitrogen, however, the
carbon content was hi gher than expected. No special burn-off step
was used during these |laboratory studies. It is theorized that
the use of very dry hydrogen in the sintering furnace resulted in
a very |l ow oxygen availability to aid in pyrolysis of the
lubricant. As a result, carbon levels in the finished part were
high. This illustrates the need for a proper burn-off cycle prior
to sintering soft magnetic parts in a dry hydrogen atnosphere.
Simlar trends were seen when sintering was perforned at 1260°C
utilizing hydrogen/nitrogen atnospheres. Density val ues and
magneti c properties obtained fromthese sanples are listed in
Table VII.

The toroids sintered in endotherm c gas clearly show the

del eterious effect of high carbon and nitrogen | evels on the

fini shed magnetic properties. Coercive force is very high while
perneability is greatly reduced. Changes in maxi mum i nduction are
related nore to changes in density and perneability at the
relatively small drive field (15 Ge). In conparing the materials
sintered in the 90/ 10 atnosphere with the dissociated ammoni a

at nosphere, the effect of nitrogen is apparent. The increased
nitrogen content has raised the coercive force value, while

| owering the perneability.

Tabl e VI I
Sintered Density and Magnetic Properties of Ancorsteel 45P
Sintered In Several Atnobspheres

Sintering Sintering Si nt ered He Br B Mrax
Tenperat ure At nosphere Density (Ce) (kG (kG

(°9 (g/cnd)

1120 Endo 6.79 2. 67 6.6 9.2 1190

90% N,/ 10% H, 6. 82 1.81 9.5 10.9 2770

D. A 6. 84 1.66 9.6 11. 2 2940

100% H, 6. 87 1.91 8.4 11.0 2190

1260 90% N,/ 10% H, 6. 96 1.62 9.5 11.3 3120

D. A 7. 05 1.37 10. 2 12. 4 3820

100% H, 7.02 1.42 9.9 12. 3 3380

Magnetic properties of the H, sintered material w th higher
sintered carbon conpare unfavorably to the | ower carbon
containing DA sintered materials despite the significantly | ower
nitrogen content. These results clearly show that nitrogen and
carbon are sources of decreased magnetic properties.



Even nore dramatic is the effect of nitrogen on nagnetic
properties of stainless steels.
stainless steels with 1% Ilithiumstearate were conpacted at 40

t si

and 100% H, at nospheres.

Sanpl es of 430L and 434L

and sintered at 1120°C for 30 m nutes in dissociated ammpni a
The results are listed in Table VIII.

The sanples sintered in dissociated ammoni a pi cked up significant
nitrogen fromthe atnosphere and as a result did not densify upon

sintering and were essentially non-nmagneti c.

The sanpl es sintered

i n hydrogen attained nmuch higher density and resulted in a

reasonabl e | eve

TABLE VI I |
Sintered Density, Nitrogen and Magnetic Properties of Ancor 430L
Sintered in Hydrogen and D ssoci ated Anmoni a At nospheres

of magnetic perfornmance.

Mat eri al Sintering Sintered N He Br Brax Mrax
At nospher e Density (W.% (Ce) (kG (kG
(g/ cn?)
430 100% H, 6. 45 0. 004 2.29 4.7 7.3 1000
430 D. A 6. 15 0.423 - - - - 0.0 10
434 100% H, 6. 43 0. 004 2.01 4.6 7.3 1090
434 D. A 6.14 0. 400 6. 00 0.0 0.1 20
TABLE | X
Sintered Density and Chem cal Anal ysis of Ancorsteel 45P Materia
Conpacted Utilizing Several Lubricants
35 tsi 45 tsi
Lubri cant Lubri cant Sintered C @) Sintered C @)
e e | (W | (w.o | R (W. % (W. %
Zinc 0.75 7.01 <0.01 | 0.038 7.21 <0.01 0. 037
Stearate
Li thi um 0.75 7.00 <0.01 | 0.066 7.21 <0.01 0. 060
Stearate
/mrgfﬁx 0. 50 6. 95 <0.01 | 0.043 7.19 <0.01 0. 043
/mrgfﬁx 0.75 6. 96 <0.01 | 0.038 7.19 <0.01 0. 037
/mrgfax 1.00 6. 95 <0.01 | 0.039 7.15 <0.01 0. 038

These two experinments denonstrate that carbon and nitrogen can
have a | arge negative effect on iron-based soft nagnetic

mat eri al s.

In order to counter these negative effects,

t he

| ubricant nust be burned off cleanly and the part nust be

sintered under conditions that wll

pi ckup.

LUBRI CANT

To determine if the use of any of the common powder

EFFECTS

[imt nitrogen and carbon

met al | ur gy




lubricants resulted in a change in magnetic performance, sanples
of 0.45% P/ Fe were blended with zinc stearate at 0.75 w. %
lithiumstearate at 0.75 w.% and Acrawax C at 0.5, 0.75 and 1.0
wt.% Toroids were conpacted fromeach blend at 35 and 45 tsi,
sintered at 1120° Cin a 75% H,/25% N, for 30 m nutes, and tested
for magnetic properties. No special |ubricant burnout step
preceded sintering. Table I X lists the sintered density, carbon
and oxygen |l evels of the resulting specinmens. These results
indicate that all lubricants were burned out conpletely. The

hi gher oxygen content in the lithium stearate sanple is nost
likely the result of retained |ithium oxide.

Magnetic properties for these tests are listed in Table X The
data suggest no significant variation in magnetic properties with
various lubricant types or with increasing |levels of Acrawax C.
Good magnetic properties will be obtained with these lubricants
provi di ng adequate burnout of the lubricants is achieved.

| nconpl ete burnout and the possible rise in sintered carbon
content may, as nentioned above, result in poor magnetic
properties.

DENSI TY EFFECTS

One of the nost potent nodifiers of structural P/ M part
performance is density. Magnetic performance of P/Mparts is also
strongly influenced by density. For a given alloy system
saturation induction is directly related to density. Saturation

i nduction is inportant in permanent magnet flux return paths
where sufficient field is available to saturate nost materi al s.
Pore-free pure iron has a saturation flux density of 21.5 kG
Decreasing density sinply decreases the saturation flux density
as indicated in Figure 10.

The higher the density of the part, the higher the saturation
flux density and thus the snmaller a part can be nade in order to
contain the flux produced by a pernanent nagnet.

TABLE X
Magnetic Properties of Ancorsteel 45P Materials Conpacted
Utilizing Several Lubricants

35 tsi
Lubri cant Lubri cant He Br Brrax Ulizse
Anpunt (Ce) (kG (kG
(W. %
Zinc 0.75 1.74 10. 4 12.0 3040
Stearate
Li t hi un 0.75 1.73 10. 3 11.9 3060
Stearate
Acrawax C 0.50 1.74 9.9 11.6 2860
Acrawax C 0.75 1.74 10.0 11.7 2940




| Acrawax C | 1. 00 1.71 | 10.2 | 11.8 2970
45 tsi
Zi nc 0.75 1.77 11.2 12.8 3410
Stearate
Li t hiun 0.75 1.75 11.4 12.9 3530
Stearate
Acrawax C 0.50 1.75 11.2 12. 7 3420
Acrawax C 0.75 1.74 11.2 12. 8 3340
Acrawax C 1.00 1.74 11.1 12. 7 3330
Satwratlion Industion EH.G..:.I.. .
21 © ____,r“"’ ol
/_'_‘_,_,-o-""'-'-'-
__,.,-'-'d.-{.r
;:vifﬁ#fﬁf;
o -"'f
f
17 :////’*/ M ANCORSTEEL 410000
t ARLORGTEEL 4A%FP
=] ANCORSTEEL BOP
15 | | 1 1 1 1
5.5 E.7 E.Q 7.1 7.3 F.E rr
Sintered Dens|lty (Qfcmd)
Figure 10: Saturation Induction versus Density for Several Alloys
Density al so affects general magnetic properties. Sanples of a
pure iron and a 0.45% P/ Fe material were blended with 0.75% zi nc
stearate and conpacted into toroids at 30, 40 and 50 tsi. These

sanples were sintered at 1120 C for 30 mnutes in dissociated
ammoni a and then tested for nmagnetic properties. (See results
listed in Table Il for Ancorsteel 1000B and Table |11l for
Ancor st eel 45P)

Figures 11,12 and 13 indicate that increased density has a
dramatic effect on the magnetic properties of perneability and
maxi mum i nduction. Coercive force is only noderately affected by
changes in density (Figure 13).

Essentially, as the density is increased, nore iron is avail able



to carry flux, thus inproving the perneability and saturation
i nduction. Coercivity is related to the purity within a materi al
and is | ess dependent upon changes in density.

SI NTERI NG TEMPERATURE

Increasing sintering tenperatures generally results in higher
sintered density. This increase in density, by itself, wll
result in inproved magnetic properties as previously discussed
(see above). However, the use of higher sintering tenperatures
has a nore
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Figure 11: Maxi mum Perneability of Several Materials at Varying
Sintered Densities
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Figure 13: Coercive Force of Several Materials at Varying
Sintered Densities

significant effect on magnetic properties than sinple



densification. The use of higher sintering tenperatures results
in larger grain sizes and nore refined pore norphology and as a
result, greatly enhanced nmagnetic perfornmance.

To illustrate the effect of sintering tenperature on nmagnetic
performance, sanples of a 0.80% P/Fe and pure iron material were
bl ended with 0.75% zinc stearate and conpacted at 30, 40 and 50
tsi. One half of the sanples were sintered at 1120°C for 30

m nutes while the second half were sintered at 1260°C for 30

m nutes and all sanples were tested for nmagnetic properties.
(See results listed in Table Il for Ancorsteel 1000C and Tabl e
1l for Ancorsteel 80P.)

Figure 14 indicates the increase in density for the increase in
sintering tenperature. In particular, the 0.80% P/Fe sanpl es show
a significant increase in density with increased sintering
tenperature as a result of significant |iquid phase sintering.
The pure iron shows only a mnor change in density as a result of
i ncreased sintering tenperature.

| f the magnetic properties are plotted versus sintered density
(Figures 15, 16 and 17), inprovenents due to increased sintering
tenperature beyond increased density, are readily apparent.
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Figure 14: Sintered Density versus Conpaction Pressure for
Materials Sintered at Several Tenperatures
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Figure 17: Effect on Sintering Tenperature on Maxi mum | nducti on

For a given sintered density |level, coercive force is reduced,
whil e perneability, maxi muminduction and residual induction are
increased with elevated sintering tenperatures. H gh tenperature
sintering results in a nore refined ferrite structure and

i nproved soft magnetic properties.

The effect of higher sintering tenperature is also evident in
50Fe/ 50N alloys. Table IV lists results from 50Fe/ 50N powders
conpacted at 30 and 50 tsi and sintered at 1120°C and 1260°C for
30 mnutes in dissociated ammonia. As well as increasing density,
increased sintering tenperature resulted in inproved nagnetic
performance. In particular, coercive force and maxi num
perneability were significantly inproved.

SUMVARY

The powder netallurgy route for manufacturing parts for soft
magneti c applications offers a flexible, cost effective and
proven technol ogy. The precedi ng paper has di scussed many of the
options and suggested nethods to optim ze performance. The
followng offers a brief summary of those discussions.

1. Many different materials are available for P/Msoft magnetic
applications. Each material has strengths as well as limtations.



Not only magnetic requirenents nust be considered but concerns
about physical requirenents nust be addressed.

2. Vari ous processing routes allow significant cost

optim zation to occur. By utilizing higher densities or higher
sintering tenperatures, magnetic performance may i nprove enough
to allow the use of a |less expensive material. Simlarly, the use
of a nore expensive raw material may allow utilizing |ess
expensi ve processing steps.

3. Limting the amount of carbon and nitrogen in the finished
part is crucial to provide the best magnetic perfornmance.
Sufficient burn-off of |ubricants and use of proper sintering
at nospheres will provide optimal performance.
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