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ABSTRACT

Wth the advent of growth in soft magnetic applications suitable
to Powder Metallurgy, powder manufacturers parts fabricators and
end users of such parts nust gain a better understanding of the
rel ati onshi ps between powders, processing and the ultimte

per formance of soft magnetic P/ M parts.

Studi es have been conducted and val uabl e data extracted on the
subj ects of pure iron, iron-phosphorus, iron-silicon and pre-

al l oyed iron-nickel alloys as they relate to nmagnetic properties.
Wth the identification of applications requiring corrosion

resi stance as well as mechani cal and nmagnetic properties,
including the Anti-lock Brake System (ABS) tone wheel, industry
is investigating ferritic stainless steel solutions. This study
represents an effort to provide sone initial answers to questions
regarding the "real world" capability of P/M production of high
quality, ferritic stainless steel parts that exhibit excellent
magneti c properties.

| NTRODUCTI ON

A study was perforned to gain an understanding of the suitability
of P/ M 400-series stainless steels for soft magnetic applications
by determning: the relative nmerits of 410L, 430L, and 434L as
base materials to be selected for soft magnetic applications; the
effect of density on magnetic properties; the effects of several
P/ M processi ng vari abl es on both nagnetic perfornmance and
finished part chem stry, including:

1) sintering tenperature
2) sintering tine

3) sintering atnosphere
4) | ubri cant content

5) | ubricant type

The intent of this study is to provide useful information that
w Il help end-users: a) select an appropriate corrosion-resistant
alloy for a given magnetic application; b) set effective,

achi evabl e magnetic property specification limts on parts; and
c) gain an understandi ng of the processing factors that inpact



t he magnetic performance of 400-series stainless steel P/Mparts.
Li kew se, the data wll assist parts fabricators to identify
processing variables that are the nost critical to control in
order to produce parts with optimzed nechani cal, chem cal and
magneti c properties.

TEST CONDI TI ONS

Sanpl es for magnetic testing were bl ended, conpacted, sintered
and neasured utilizing varying test conditions to allow the
exam nation of the follow ng paraneters on nagnetic properties:

base powder type

| ubricant |evel (percent by weight)
| ubri cant type

part density

sintering tine

sintering tenperature

at nosphere type

The test specinen utilized was a nomnal 3.6 cmOD, 2.23 cmID
toroid conpacted to a height of 0.62 cmin a |aboratory
conpacting press. It is inportant to note that all of the
sintering for this study was performed in production furnaces
that are essentially, but not solely, used for processing
stainless steel parts. Production sintering represents an

i ntegral conmponent of this exam nation since a primry goal of
the study is to obtain realistic data typical of a production
environment. In order to achieve this goal, this investigation
enpl oyed equi pnent and processing typical of a production

envi ronnent .

After sintering, primary and secondary w ndings (25 turns each)
of #28 AWG wre were applied to the toroids. DC hysteresis |oops
were generated on an LDJ Model 3500 hysteresigraph; a

m croprocessor-control |l ed nmeasurenent devi ce capabl e of obtaining
a conplete hysteresis |loop including the initial curve. Drive
fields (Hmx) of 15 and 30 oersteds were utilized during the
testing. Magnetic property values of interest generated by this

i nstrunent i ncl ude:

1) coercive force (H)

2) maxi mum i nducti on ( Bax)

3) resi dual induction (B)

4) maxi mum pernmeabi l ity (Hnex)

It is not the intention of this paper to explore the theoretical
expl anations of these properties. The reader is referred to
several excellent sources that contain relevant information.



Typi cal Iy, maxi muminduction |evels nmeasured at even 30 oersteds
are not representative of the saturation induction of a material.
For a given material, the maxi muminduction |evel nmeasured at 30
oer st eds can be dependent on the perneability of the material and
not be indicative of the saturation induction. The saturation
induction is inportant in applications where the P/Mpart acts as
a flux carrier for a permanent nmagnet. Mst pernmanent nmagnet
materials wll supply anple flux density to saturate the P/ M
part. In order to present accurate saturation induction val ues,
selected materials fromthe study were anal yzed utilizing an LDJ
SM 8100 Saturation Induction Measuring System

Lubricated bl ends were prepared from Ancor® 410L, 430L and 434L
stainless steels in an effort to determne the optimal base
material. The base chem stries of the powders used in the
experinments are listed in Table I. The powders were m xed with 1%
lithium stearate and conpacted into toroids at 30, 40, and 50
tsi. The resulting toroids were then sintered in a production
furnace at 1260°C (2300°F) for 30 mnutes at tenperature in a
pure hydrogen atnosphere. The results of this experinent allow
eval uation of the effects of base material chem stry on the
magneti c property levels attainable for each of the alloys at a
gi ven set of processing paraneters. The effect of density on
magneti c properties can al so be derived fromthese findings.

The remai nder of the study was performed using 410L. Sel ection of
410L was based on its position as the domnant alloy in the
stai nl ess steel nmagnetic business. However, the effects
denonstrated by changi ng vari ous processing paraneters can easily
be transferred to other alloy Systens.

Eval uation of the effect of sintering tenperature on properties
was performed by conpacting sanples of 410L with 1% it hi um
stearate at 30, 40, and 50 tsi. The toroids were then production
sintered at 1260°C (2300°F), 1200°C (2200°F), and 1120°C
(2050°F). These results offer further insight into the effect of
density on magnetic properties.

The effect of sintering tine was investigated by conpacting
sanples of 410L m xed with 1% lithiumstearate at 50 tsi. These
sanpl es were production sintered at 1260°C (2300°F) in pure
hydrogen for 30 and 60 m nutes at tenperature. The outcone of
this test case will address the assunption that a | engthened
sintering cycle has a beneficial effect on nagnetic properties.

TABLE |
Chem cal Analysis of Stainless Steel Base Materials

W. % 410L 430L 434L

C 0. 020 0. 018 0. 028




N 0. 019 0. 035 0. 025
O 0.13 0.19 0. 25
S 0. 006 0. 010 0. 005
P 0.02 0.02 0.02
Si 0.9 0.9 0.9

Mh 0.1 0.1 0.2

Cr 12. 4 16. 8 17.2
Mo - - - - 1.2

Fe Bal Bal Bal

As a neans of evaluating the effect of sintering atnosphere on
magneti c properties, mxes of 410L with 1% Ilithium stearate were
conpacted at 50 tsi. The resulting toroids were production
sintered at 1260°C (2300°F) in pure hydrogen, 75% H,/ 25%\,
(synthetic dissociated ammoni a), and 10% H,/ 90% N, (form ng gas).

In an effort to study the effect of lubricant quantity on
magneti c properties, blends of 410L containing 0.75% 1.0% and
1.25% Il ithium stearate were conpacted at 50 tsi. The toroids were
production sintered at 1260°C (2300°F) for 30 m nutes at tenpera-
ture in pure hydrogen.

Additionally, an investigation into the effect of different

| ubricants on properties was undertaken. M xes of 410L contai ning
1% Acrawax C, 1% zinc stearate, and 1% Kenol ube were conpacted at
50 tsi into toroids which were production sintered at 1260°C
(2300°F) for 30 mnutes at tenperature in pure hydrogen. The
results of these experinents are conpared to those of the 1 %
[ithium stearate bl end nentioned previously.

RESULTS

Effect of Materials and Density

The green densities of the 410L, 430L and 434L sanples are
indicated in Figure 1. As expected, the 410L exhibited the

hi ghest green density of the group, foll owed by the 430L and
434L, respectively. The increased alloy content of the 430L and
434L results in a particle that work hardens at a nore rapid rate
and thereby yields a tower green density. Table Il lists the
sintered density and magnetic properties of the

TABLE 11|
Sintered Density and Magnetic Properties for Various Ancor
Stainless Steel G ades Conpacted with 1% Lithium Stearate and
Sintered at 1260°C for 30 M nutes in Hydrogen

Mat eri al Conpacti on Si ntered He. 15 Brax- 15 Br.15 T He-30 | Brax-30 Br.30 Saturation
type Pressure Density (Ce) (kG (kG (Ce) (kG (kG I nducti on




(tsi) (g/ cnt) (kG
30 6. 88 1.60 10. 26 6. 54 1916 1.60 11. 66 6. 62 14. 67
410L 40 7.09 1.96 10. 68 6.18 1630 1.95 12. 24 6. 19 15. 10
50 7.23 1.92 10. 86 6. 83 1717 1.92 12. 62 6. 98 15. 43
30 6.71 1.49 9. 25 5.84 1846 1.50 11.01 6. 04 13. 32
430L 40 6. 94 1.82 9.53 5.27 1526 1.83 11. 33 5. 36 13.83
50 7.10 1.93 9. 60 5.20 1431 1.98 11. 86 5.35 14. 19
30 6. 67 1. 44 8.93 5.35 1805 1.42 10. 26 5.38 12.90
434L 40 6.91 1.64 9.41 5. 65 1702 1.64 10. 74 5.77 13.59
50 7.08 1.90 9. 45 5.19 1494 1.90 11.12 5.22 13. 77
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FIGURE 1: GREEN DENSITY OF VARIOUS STAINLESS STEEL
POWDERS COMPACTED WITH 1% LITHIUM STEARATE

materials followng sintering at 1260°C (2300°F) for 30 m nutes
at tenperature in pure hydrogen. The sintered density val ues
(Figure 2) correspond with the green density results cited above.
The fact that 410L far exceeds 430L and 434L in both green and
sintered density explains to sonme degree its overwhel m ng
preference anong current producers of ferritic stainless steel
parts. Magnetic property test results for the three alloys are




graphically presented in Figures 3 through 5. Maxi mum i nduction
val ues neasured at a field strength of 30 oersteds (Figure 3)
foll ow the sanme trends as the density curves. The 410L not only
exhibits the highest density and the highest maxi num i nducti on,
but it also denonstrates the highest induction for a given
sintered density. This is the result of increased alloy content
| onering the saturation induction |level for the nore highly

all oyed materials (see bel ow).

The coercive force at 30 oersteds and the maxi mum perneability
(Figures 4 and 5) also indicate that 410L exceeds 430L and 434L
internms of critical magnetic properties. Interestingly, al
three materials reflect declining perneability and increasing
coercive force with conpaction pressure and density increases.
This result was not anticipated. The results may be expl ai ned by
t he retained carbon, nitrogen and oxygen, listed in Table I1I1
The oxygen and nitrogen |levels are higher in those parts pressed
at the highest conpaction pressures. This suggests that the
toroids with the highest green densities did not experience
sufficient oxide reduction and nitrogen renoval
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FIGURE 3: MAXIMUM INDUCTION FOR VARIOUS STAINLESS
STEEL GRADES COMPACTED WITH 1% LITHIUM STEARATE
AND SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN

, o COERCIVE FORCE (Os) @ 30 Oe
llj e e
1_!_ E. i —
1.7
18 .
d : o A i_-""'
15 :_- - i __,.r""-.-. - e e
S T
14 [ el I L L N I §
&8 8.7 6.8 6.9 T.0 71 1.2 T.3
SINTERED DENSITY (glem”)

FIGURE 4: COERCIVE FORCE FOR VARIOUS STAINLESS STEEL
GRADES COMPACTED WITH 1% LITHIUM STEARATE AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN
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during sintering. It is inportant to note that these parts were
sintered in production furnaces that are used to process
materials in a cost effective manner. The results suggest that
increased gas flowin the furnace nmay help to elimnate this
phenonmenon. Even still, the results - if not the trends with
sintered density - indicate that all three 400-series alloys can
be processed to neet the requirenents of nost magnetic
appl i cations.

TABLE 111
Sintered Chem stry Results for Various Materials Conpacted with
1% Lithium Stearate and Sintered at 1260°C for 30 Mnutes In

Hydr ogen
Mat eri al Conpacti on Car bon Oxygen Ni t rogen
Type Pressure W. % W. % W. %
(tsi)

30 0. 005 0.11 0. 0022

410L 40 0. 004 0. 13 0. 0055
50 0. 007 0.16 0. 0066

30 0. 006 0.11 0. 0033

430L 40 0. 005 0.13 0. 0038




50 0. 009 0.17 0. 0120
30 0. 007 0.12 0. 0021
434L 40 0. 005 0.18 0. 0072
50 0. 006 0. 20 0. 0140
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FIGURE 6: SATURATION INDUCTION OF VARIOUS
MATERIALS COMPACTED WITH 1% LITHIUM STEARATE AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN
Figure 6 illustrates the effect of sintered density and materi al

type on the saturation induction. Al three materials show
approximately straight line relationships. As expected,
additional alloy content |owers the saturation induction |evel.
Lower density has the sane effect, |owering the saturation

i nduction of a given material.

Effect of Sintering Tenperature and Density

Interest in the effect of sintering tenperature on the properties
of P/Mstainless steels has resulted in the generation of a
significant anount of |iterature. The growth in usage of 410L
warrants a close look at this critical processing variable. Table
IV Iists the sintered density and properties of 410L with 1 %
[ithium stearate conpacted at 30, 40, and 50 tsi and sintered in
pure hydrogen at 1260°C (2300°F) for 30 m nutes at tenperature.
Figure 7 indicates the effect of sintering tenperature on the
sintered density of 410L. Increasing the sintering tenperature
clearly results in higher sintered densities. The higher sintered
density translates to a correspondi ng increase in maxi mum

i nduction as neasured at 30 oersteds (Figure 8). Raising the
sintering tenperature also results in inproved maxi num i nduction




for a given sintered density. This result indicates that
pernmeability inprovenents attributed to higher sintering
tenperatures can result in higher maxi muminduction |evels at a
given field strength.

Coercive force and maxi mum perneability (Figures 9 and 10) are
inproved with in-creases in sintering tenperature. There is a
significant difference in the property |levels between the sanple
sintered at 1120°C (2050°F) and the sanple sintered at 1200°C
(2200°F). Cearly, the higher sintering tenperature |evels

provi ded better property levels, although there is a | ess marked
di fference between 1260°C (2300°F) and 1200°C (2200°F). The

chem cal analysis reveals decreasing interstitial levels with

hi gher sintering tenperatures (Table V). The sanples sintered at
1120°C (2050°F) indicate especially high I evels of carbon and
oxygen.

Hi gher sintering tenperatures clearly inpacted the sintered
density and interstitial |evels of the sanples. This explains the
rel atively poor magnetic properties at the | ow tenperature
condition. These results add support to the belief that stainless
steels should be sintered at tenperatures as high as possible,
practical, and econom cal.

TABLE |V
sintered Densities and Magnetic Properties for Ancor 410L
Conpacted with 1% Lithium Stearate and Sintered for 30 Mnutes in

Hydr ogen
Conpacti o Si ntering Sintered | He.15 | Brax-15 | Br-15 | Mmax | He-30 | Brax- Br-30
n Tenper at ure Density (Ce) (kG (kG (Ce) 30 (kG
Pressure (°0 (g/ cnt) (kG
(tsi)
30 1260 6. 88 1.60 | 10.26 | 6.54 | 191 1.60 | 11.6 6. 62
40 1260 7.09 1.96 | 10.68 | 6.18 6 1.95 6 6.19
50 1260 7.22 1.92 | 10.86 | 6.83 | 163 1.92 | 12.2 6. 98
0 4
171 12.6
7 2
30 1200 6. 60 1.62 9. 36 7.20 | 194 1.62 | 10.5 7.18
40 1200 6. 88 1.89 9. 64 6. 38 6 1.90 7 6. 54
50 1200 7.07 2.20 9. 20 5.31 | 160 2.24 | 11.3 5.48
0 1
125 11.3
3 7
30 1120 6.16 2.56 5.77 3.22 | 645 [ 2.85 | 7.59 3.64
40 1120 6. 55 2.62 6. 34 3.49 | 695 | 2.86 | 8.70 3.93
50 1120 6. 80 2.65 7.36 4.03 | 802 | 2.82 | 9.78 4. 46
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FIGURE 10: MAXIMUM PERMEABILITY OF 410L COMPACTED
WITH 1% LITHIUM STEARATE AND SINTERED FOR 30 MINUTES
IN HYDROGEN AT VARIOUS TEMPERATURES

TABLE V
Sintered Chem stry Results for Ancor 410L with
1% Lithium Stearate Sintered for 30 Mnutes in Hydrogen

Conpacti on Sintering Car bon Oxygen Ni t rogen
Pressure Tenper at ure W. % W. % W. %
(tsi) (°O
30 1260 0. 005 0.11 0. 0022
40 1260 0. 004 0.13 0. 0055
50 1260 0. 007 0. 15 0. 0066
30 1200 0. 009 0.12 0. 0020
40 1200 0. 008 0.18 0. 0028
50 1200 0. 007 0.19 0. 0050
30 1120 0. 045 0. 16 0. 0079
40 1120 0. 029 0.18 0. 0096
50 1120 0. 025 0. 16 0. 0087

Effect of Sintering Tinme

It is widely understood that increasing sintering tinme will have




a positive inpact on critical

physi cal

such as elongation and strength. The effect of
sintering cycles on magnetic properties is investigated in this

study. Table VI
stearate conpacted at 50 tsi

hydrogen for 30 and 60 m nutes at tenperature.

val ues (Figure 11)

properties of P/Mparts
| engt hened

cycle. A corresponding increase in maxi muminduction is also
noted (Figure 12).

Conpacted at 50 tsi

TABLE VI
Sintered Densities and Magnetic Properties for Ancor 410L
with 1% Lithium Stearate and Sintered at
1260°C i n Hydrogen.

lists the results of 410L containing 1% i thium
and sintered at 1260°C (2300°F)
Sintered density
reflect a noderate increase wth a | engthened

in

Sintering | Sintered | H.15 | Brax-15 | Br-1s Mrax He-30 | Brax-30 | Br-30
Ti me Density | (Ce) (kG (kG (Ce) | (kG | (kG
(mn.) (g/ cn)
30 7.23 1.92 | 10. 86 6.83 | 1717 | 1.92 |[12.6 6. 96
2
60 7.29 1.68 | 11. 47 7.69 | 2166 | 1.67 [13.0 7.78
7

Even nore substanti al
maxi mum perneability (Figures 13 and 14) due to increased tine at

t enper at ure.

pernmeability,

The i nprovenent

is the inprovenent

in properties,

especially

in coercive force and

i's beyond those anticipated considering the
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FIGURE 11: SINTERED DENSITY OF 410L COMPACTED
AT 50 tsl WITH 1% LITHIUM STEARATE AND SINTERED AT
1260°C IN HYDROGEN FOR 30 AND &0 MINUTES
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FIGURE 13: COERCIVE FORCE OF 410L COMPACTED
AT 50 tsl WITH 1% LITHIUM STEARATE AND SINTERED AT
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FIGURE 14: MAXIMUM PERMEABILITY OF 410L COMPACTED
AT 50 tal WITH 1% LITHIUM STEARATE AND SINTERED AT
1260°C IN HYDROGEN FOR 30 AND &0 MINUTES




relatively smal

increase in sintered density. Enhancenent of

these structure-related magnetic properties is the result of

oxi de reducti on,

densi fi cati on.

TABLE VI

grain grow h, pore rounding, as well
Chem cal
magneti c property enhancenent,
carbon is far | ower
in those sintered for 30 m nutes.

as the level
in the sanples sintered for

as

analysis (Table VI1) helps to explain the
of nitrogen and
60 m nutes than

Sintered Chem stry Results for Ancor 410L Conpacted at 50 tsi
wth 1% Lithium Stearate and Sintered at 1260°C i n Hydrogen

Sintering Tinme Car bon Oxygen Ni t rogen
(mn.) W . % W . % W . %

30 0. 007 0.16 0. 0066

60 0. 004 0.16 0. 0059

Ef fect of Sintering Atnosphere

The use of atnospheres other than pure hydrogen or vacuumin
sintering high quality stainless steel parts has been exam ned in
depth. In processing for optiml magnetic performance, use of

at nospheres ot her than hydrogen or vacuum has been shown to be
inferior. However, market pricing pressures and the need for cost
controls warrant the investigation and conparison of alternative
at nospheres and their effects on the magnetic properties of 410L.
Table VIIl lists the sintered density and magnetic properties of
410L with 1% lithium stearate conpacted at 50 tsi and sintered
for 30 mnutes at 1260°C (2300°F) in a variety of atnospheres.

The synthetic dissociated ammoni a (75% H/ 25% N,) at nosphere
produced a slightly |Iower density value than pure hydrogen
(Figure 15). However, the 10% H,/ 90% N, at nosphere proved to be
far worse, with significantly |ower sintered density and
extrenely | ow maxi mum i nduction (Figure 16). Even the synthetic
D. A, maxi mum i nduction value represents a serious decline
relative to that of the hydrogen sintered material. These results
are not surprising, since previous work in this area generated
simlar results, virtually elimnating the use of nitrogen-
beari ng at nospheres for the sintering of magnetic stainless steel
parts.

Coercive force and perneability values (Figures 17 and 18) al so
indicate a significant reduction in magnetic perfornmance when
sintering in nitrogen-containing atnospheres. Sintered chem stry
results (Table 1 X) explain the cause of the property degradation
to be retained nitrogen. A six-fold increase in nitrogen content
(hydrogen versus D.A) results in alnost a four-fold decrease in
perneability and a near doubling of coercive force at 30



oersteds. Nitrogen, oxygen and carbon levels determned in the

10% H,/ 90% N, sintered sanpl es are unacceptably high as reflected
by the poor magnetic properties.

TABLE VI 1
Sintered Density and Magnetic Properties for Ancor 410L Conpacted
at 50 tsi with 1% Lithium Stearate and Sintered at 1260°C for 30

M nut es
Hy 7.23 1.92 | 10.86 | 6.83 | 1717 | 1.92 | 12.62 | 6.98 15. 43
75% Hy/25% N, 7.16 2.93 5.13 2.58 | 4.82 | 3.49 7.91 | 3.22 15. 36
10% H,/90% N, 6.70 15.30 | 0.51 0.09 231 | 11.59 | 2.28 | 9.86 14.16

SINTERED DENSITY (glem®)

100% H2 To% H225% N2 10% H2D0% N2
SINTERING ATMOSPHERE

FIGURE 15: SINTERED DENSITY OF 410L COMPACTED
AT 50 tsi WITH 1% LITHIUM STEARATE AND SINTERED AT
1260°C FOR 30 MINUTES IN VARIOUS ATMOSPHERES
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MAX. INDUCTION (kG) @ 30 Oe

100% H2 To% H2r25% N2 10% H2/90% N2
SINTERING ATMOSPHERE

FIGURE 18: MAXIMUM INDUCTION FOR 410L COMPACTED
AT 50 tsl WITH 1% LITHIUM STEARATE AND SINTERED AT
1260°C FOR 30 MINUTES IN VARIOUS ATMOSPHERES




2 COERCIVE FORCE (Oe) @ 30 Oe

100% H2 T5% H22Z5% M2 109 H2M0% N2
SINTERING ATMOSPHERE

FIGURE 17: COERCIVE FORCE OF 410L COMPACTED AT
50 tsi WITH 1% LITHIUM STEARATE AND SINTERED AT 1280°C
FOR 30 MINUTES IN VARIOUS ATMOSPHERES

=

MAXIMUM PERMEABILITY

100% H2 T5% H225% N2 108 Halhs N2
SINTERING ATMOSPHERE

FIGURE 18: MAXIMUM PERMEABILITY OF 410L COMPACTED
AT 50 tsi WITH 1% LITHIUM STEARATE AND SINTERED AT
1260°C FOR 30 MINUTES IN VARIOUS ATMOSPHERES




TABLE | X
Sintered Chem stry Results for Ancor 410L Conpacted at 60 ts
with 1% Lithium Stearate and Sintered at 1260°C for 30 M nutes

Sintering Car bon Oxygen Ni t rogen
At mospher e W . % W . % W . %
H 0. 007 0.16 0. 0066
75% Hy,/25%N, 0. 007 0.15 0. 0430
10% H,/90%N, 0. 025 0.19 0. 3800

Figure 19 presents the saturation induction as a function of
sintered density for the 410L material sintered in several

at nospheres. It is interesting to note that a plot of data points
for each atnosphere illustrates an excellent correl ati on between
part density and saturation induction for a given material. Wile
it has been denonstrated that the presence of interstitial

el ements greatly affects structure-related nmagnetic properties
such as coercive force and perneability, there is no effect on
saturation induction val ues.

160 SATURATION INDUCTION (kG) St
156

5% MYDRDGEM 2% MITROGER-—._
15.2 [

100% HYDROGEN,
148 | e
14,4 b— _,r”"-
_,a"3;~ — 1ir% HYDROGEN/S0% NITROGEN
“ee &7 88 88 70 11 72 73
SINTERED DENSITY (gfcrm)

FIGURE 19: SATURATION INDUCTION OF 410L COMPACTED
AT 50 tsi WITH 1% LITHIUM STEARATE AND SINTERED AT
1260°C FOR 30 MINUTES IN VARIOUS ATMOSPHERES

Ef f ect of Lubricant Content




Lubricant additions m ght be considered a necessary "evil" in the
processi ng of stainless steel P/Mparts. Stainless steels
typically exhibit poor pressing characteristics and therefore can
require as nmuch as 2.0% | ubricant content by weight to ensure
snooth ejection fromthe die. During sintering, the |ubricant

must be renoved conpletely to ensure part performance. In order
to determne the potential effects of varying |ube contents on
magneti c properties, sanples of 410L were prepared with 0.75%
1.0% and 1.25% | ithium stearate and were conpacted at 50 tsi. The
effect of increased lithiumstearate content on green density is
m ni mal (Figure 20).

Eﬁi
64 |
63
6.2

&.1

6.0

0.75 1 125
LITHIUM STEARATE CONTENT (w1 %)

FIGURE 20: GREEN DENSITY OF 410L COMPACTED AT 50 sl
WITH VARIOUS LEVELS OF LITHIUM STEARATE

The sanples were sintered for 30 mnutes in pure hydrogen at
1260°C (2300°F). The resulting sintered density and nmagnetic
property values are listed in Table X. There is no significant

i npact on sintered density with varying anmounts of |ithium
stearate (Figure 21). Likewi se, the results indicate m nor
changes in magnetic properties fromdifferent |ube contents, as
the Il owest level exhibits only marginally better magnetic
response (Figures 22 through 24). A sintered chem stry conpari son
(Table XI) helps to explain the slight difference in nmagnetic
properties, as the 0.75% | ubricant |evel sanple contains |ess
ni trogen and oxygen than the higher |ubricant |evels.

TABLE X



Sintered Densities and Magnetic Properties for Ancor 410L
Conpacted at 50tsi and Sintered at 1260°C for 30 Mnutes in

Hydr ogen

Li t hi um
St earate

Li t hi um 1.00 7.23 1.92 | 10.86 | 6.83 | 1717 1.92 12. 62 6.98
St earate

Li t hi um 1.25 7.21 1.92 | 10.68 | 6.72 | 1718 | 1.92 12. 27 6.78
St earate

T4 SINTERED DEMNSITY (gflem®)

e | T ol S

7oLl

0.75% 1.00% 1.25%
LITHIUM STEARATE LEVEL (wt. %)

FIGURE 21: SINTERED DENSITY OF 410L COMPACTED
AT 50 tsl WITH VARIOUS LITHIUM STEARATE LEVELS AND
SINTERED AT 12860*C FOR 30 MINUTES IN HYDROGEN
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0.75% 1.00% 1.25%
LITHIUM STEARATE LEVEL (wt %)

FIGURE 22: MAXIMUM PERMEABILITY OF 410L COMPACTED
AT 50 tsl WITH VARIOUS LITHIUM STEARATE LEVELS AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN




COERCIVE FORCE (Os) @ 30 Os

0.75% 1.00% 1.25%
LITHILM STEARATE LEVEL (wt %)

FIGURE 23: COERCIVE FORCE OF 410L COMPACTED
AT 50 tsl WITH VARIOUS LITHIUM STEARATE LEVELS AND
SINTERED AT 1260*C FOR 30 MINUTES IN HYDROGEN




MAXIMLUM PERMEABILITY

0.75% 1.00% 1.25%
LITHIUM STEARATE LEVEL (wt. %)

FIGURE 24: MAXIMUM PERMEABILITY OF 410L COMPACTED
AT 50 tsi WITH VARIOUS LITHIUM STEARATE LEVELS AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN

TABLE Xl
Sintered Chem stry Results for Ancor 410L Conpacted at 50 tsi and
Sintered at 1260°C for 30 M nutes In Hydrogen

Lubricant Type | Lubri cant Car bon Oxygen Ni t rogen
Level W . % W . % W . %

Lithium 0.75 0. 006 0.14 0. 0058
Stearate
Lithium 1.00 0. 007 0. 16 0. 0060
Stearate
Lithium 1.25 0. 007 0. 16 0. 0067
Stearate

Ef fect of Lubricant Type

As a neans of studying the effects of lubricant type on nmagnetic
properties, sanples of 41 OL were m xed with 1% each of |ithium
stearate, Acrawax, zinc stearate, and Kenol ube and conpacted at
50 tsi. Green density neasurenents are illustrated in Figure 25.
Li thium stearate affords the highest green density while the
others are essentially equivalent. After being sintered at 1260°C
(2300°F) in pure hydrogen for 30 mnutes, sintered density and
magneti c properties were determ ned for each of the sanples



(Table XI1). Sintered density values continue to indicate the
superiority of lithiumstearate for maxim zed density (Figure
26). However, the Kenol ube sintered density is worth noting
because of its significantly lower value in relation to the
Acrawax and zinc stearate (which, though [ower than [ithium
stearate, remain on an even |evel).

Magnetic test results do not follow the density trends (Figures
27 through 29). The maxi num perneability and coercive force

val ues for the Kenol ube sanple are the best, in spite of its
relatively low sintered density. Lithium stearate, on the other
hand, achi eved hi gher density values than the other |ube types
but exhibits the worst magnetic properties. The Acrawax and zinc
stearate denonstrate simlar magnetic performance, with the
former exhibiting slightly better coercive force and
pernmeability.

Chem cal analysis listed in Table Xl I1 explains the excellent
magneti c properties of the Kenol ube sanple. Low | evels of oxygen,
nitrogen and carbon all contribute to the enhancenent of magnetic
properties. However, it appears as though sone factor other than
sintered density and interstitial |evels inpacted the magnetic
properties of the lithium stearate sanple. Hi gher density and | ow
interstitial levels would seemto inply correspondi ngly good
magneti c properties but this clearly is not the case with the
l'ithium stearate sanple.
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6.2

GREEN DENSITY (glem®)

Li STEARATE ACRAWAX Zn STEARATE Kanchube
LUBRICANT TYPE

FIGURE 25: GREEN DENSITY OF 410L COMPACTED
AT 50 tal WITH 1% OF VARIOUS LUBRICANT TYPES
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SINTERED DENSITY (g/em®)

T4

73 b

Li STEARATE ACRAWAX In STEARATE FKanciube
LUBRICANT TYPE

FIGURE 26: SINTERED DENSITY OF 410L COMPACTED
AT 50 tal WITH 1% OF VARIOUS LUBRICANT TYPES AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN

TABLE X |
Sintered Densities and Magnetic Properties of Ancor 410L
Conpacted at 50 tsi and Sintered at 1260°C for 30 M nutes in

Hydr ogen
Lubri cant Sintered He.15 | Brax-15 | Bro1s | Himx H:. 30 Brrax- 30 Br. 30
Type Density (Ce) (kG (kG (Ce) (kG (kG
(g/ cn?)
Li t hi um 7.23 1.92 10. 86 6.83 | 1717 1.92 12. 62 6. 98
St ear at e
Acr awax 7.20 1.75 10. 99 7.14 | 1983 1.75 12. 43 7.18
Zi nc 7.20 1.79 11. 07 7.16 | 1941 1.81 12. 96 7.43
St ear at e
Kenol ube 7.13 1.70 11. 99 7.39 | 2111 1.71 12. 96 7.60




MAX, INDUCTION (kG) @ 30 Oe

13.0

125

120 |

11.5

Li STEARATE ACRAWAX Zn STEARATE Kanoiube
LUBRICANT TYPE

FIGURE 27: MAXIMUM INDUCTION FOR 410L COMPACTED
AT 50 tsl WITH 1% OF VARIOUS LUBRICANTS AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN




COERCIVE FORCE (Os) @ 30 Os

Li STEARATE ACRAWAX Zn STEARATE Konchube
LUBRICANT TYPE

FIGURE 28: COERCIVE FORCE FOR 410L COMPACTED
AT 50 tsl WITH 1% OF VARIOUS LUBRICANT TYPES AND
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN




BLACIMUM PERMEABILITY

1500

Li STEARATE ACRAWAX Zn STEARATE Kaarch o
LUBRICANT TYPE

FIGURE 20: MAXIMUM PERMEABILITY OF 410L COMPACTED
AT 50 tsl WITH 1% OF VARIOUS LUBRICANT TYPES AND :
SINTERED AT 1260°C FOR 30 MINUTES IN HYDROGEN {

e =

TABLE Xl |
Sintered Chem stry Results for Ancor 410L Conpacted at 50 tsi
wi th 1% of Various Lubricants and Sintered at 1260°C for 30
M nutes in Hydrogen

Lubri cant Type Car bon Oxygen Ni t rogen
W . % W . % W . %
Lithium St earate 0. 007 0.16 0. 0066
Acr awax 0. 005 0.14 0. 0072
Zinc Stearate 0. 010 0.18 0. 0070
Kenol ube 0. 006 0.13 0. 0054
DI SCUSSI ON

Many of the chem cal anal yses provided in this docunent exhibit
interstitial |levels that m ght be sonewhat hi gher than expected.
It nust be noted, however, that no special considerations were
taken in the de-lube, hot zone, and cooling cycles to ensure
extraordinary results. Rather, the materials were processed
according to acceptable, economcally viable practice for
achieving high density stainless steel parts with necessary



magneti ¢ perfornmance.

As a point of

r ef erence,

a recent

round robin study was conducted

in an effort to prepare an ASTM P/ Mferritic stainless steel

speci fication.
and 434L and several

st ai nl ess st eel

Three powder suppliers provided sanples of 410L
parts fabricators

manuf act ured magnetic specinens in order to establish typical

capability levels for
properties.
properties are listed in Tables XIV and XV,

mechani cal
Mean val ues for chem stry |evels and nmagnetic
respectively. The

chem ca

and

magneti c

results generated in the present study conpare favorably with
those fromthe round robin study.

Table XV

Mean Sintered Chem stry Results for Various Stainless Stee
with 0.5% PMLOO and Sintered at 1260°C

Grades Conpacted at 50 tsi

for 60 M nutes in Hydrogen or Vacuum
Powder Powder Carbon | Oxygen | Ni trogen
G ade Manuf act ur er W . % W . % W . %
410L A 0.0116 | 0.1719 0. 0262
410L B 0. 0095 | 0.3119 0. 0331
410L C 0. 0573 | 0.2398 0. 0154
434 A 0. 0058 | 0.2117 0. 0257
434 C 0.0138 | 0.2736 0. 1149
Tabl e XV

Mean Magnetic Property Results for Various Stainless Steel

Conpacted at 50 tsi with 0.5% PMLO0 and Sintered at 1260°C for 60

M nutes I n Hydrogen or Vacuum

Powder

Powder

BITBX- 15

Br-15

H..

Hrax 15
G ade Manuf act ur er (kG (kG (Ce)
410L A 10.800 | 8.900 | 2100 2.0
410L B 10. 000 8.100 | 1400 2.9
410L C 10.700 | 8.800 | 1800 2.2
434 A 9. 700 8.000 | 1700 2.1
434 C 9. 900 8.100 | 1700 2.1

In the current study, al

ABS t one wheel .
fl ow rates,

i nprovi ng magnetic properties.
was to anal yze the rea

Gr ades

hydrogen sintered test specinens are of
sufficient magnetismto neet and exceed the requirenents of the

Separate de-lube in air,
and faster cooling rates could have had a substanti al
effect on | owering carbon,

use of higher

hydr ogen

oxygen and nitrogen | evels and thereby

However,

performance by sinmulating the PFMwork pl ace.

the intent of this study
world capability with respect to magnetic



Regardi ng material selection, the major factors not addressed in
this study were corrosion resistance and physical properties.
Qoviously, there is need for a simlar study in these areas,
especially as PPMferritic stainless steels receive further
consideration for applications demandi ng corrosion resistance
such as autonotive engine sensors. It is entirely conceivable
that nore highly alloyed materials, such as 430L and 434L, could
suppl ant 410L in sone applications on the basis of corrosion
resi st ance.

The results generated by the study suggest that 400-series powder
nmetal l urgy stainless steel grades can provide excellent magnetic
properties if good processing practices are utilized. The results
approach coercive force and maxi mum perneability values for iron
parts processed in traditional manners. Although the price of
stainless steel is higher than that of iron or iron-phosphorus

al l oys, part costs nust be bal anced versus perfornance

requi renents. The extra corrosion resistance afforded by the
stainless steels may be required by a specific part application.
It is also evident fromthe study that nore cost effective
processing routes can yield acceptabl e magnetic properties as
long as the requirenents of the application are well| defined and
under st ood. As nentioned above, no attenpt has been nade by this
study to evaluate the effect on physical or corrosion properties
that the nore cost effective processing approach may have.

CONCLUSI ONS

This study provides sone answers and suggests sonme key areas of
concern regardi ng the processing of P/M 400-series stainless
steels for magnetic applications. It also identifies areas
requiring further exam nation, providing targets for future
research of the subject.

The followi ng nay be concluded fromthe study:

1) There is a definite relationship between part density and
maxi mum i nducti on. Hi gher densities inpart higher induction
val ues.

2) Car bon, nitrogen and oxygen have a detrinental effect on
structure-rel ated magnetic properties such as coercive force and
pernmeability.

3) 410L exhi bits superior processability and magnetic
performance and therefore is the preferred ferritic P/Malloy for
magneti c applications requiring corrosion resistance.

4) I ncreasing the sintering cycle tine inproves nmagnetic



properties, especially perneability, through increased part
density and mnimzing detrinmental interstitial constituents.

5) I ncreasing the sintering tenperature inproves magnetic
properties in the sane manner as does a |longer sintering cycle.
Sintering at 1120°C (2050°F) produces exceptionally poor magnetic
properties.

6) Ni t rogen- cont ai ni ng at nospheres produce parts with
unacceptably | ow magnetic properties. O the sintering

at nospheres selected for this study, only pure hydrogen is
recommended for magnetic applications.

7) Saturation induction is a function of alloy content and
density while perneability and coercive force are affected
primarily by structure and purity.

8) Varying the lubricant content between 0.75% and 1.25% does
not substantially affect magnetic properties.

9) Li t hium stearate affords higher density levels to 410L but
has a detrinmental effect on magnetic properties.

10) Kenol ube has a positive inpact on structure-rel ated nagnetic
properties though it does not facilitate high part density.
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